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'^Aluminum  Alloy  castings  have  been  successfully  reinforced  with 
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squeeze  casting  has  been  recognized  as  a  superior  metal  forming  method.  The 
.materials  fabricated  in  this  study  demonstrate  the  ability  of  .squeeze  casting 
to  achieve  good  fiber  distribution  and  infiltration  without  the  need  for  pretreatment 
of  the  fibers.  There  was  very  little  observed  chemical  reaction  between  the 
graphite  fibers  and  the  aluminum  in  the  ascast  condition.  The  strength  of  the 
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data  based  mainly  on  the  assumption  chat  the  interracial  bond  between 
the  liber  and  the  matrix  was  relatively  weak,  compared  to  the  stren>;th 
or  the  fiber  itself.  Other  properties  of  the  castings  were  also 
examined  including  microhardness,  stiffness  and  damping  capability. 

Ln  addition,  a  second  model  was  developed  usinc  finite  element  methods  to 
uescribe  the  transient  thermal  behavior  of  the  molten  aluminum  during 
the  squeeze  casting  process. 
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ABSTRACT 


Alurr.iP.um  Alloy  castings  rave  Deen  SLiccssstoily  reinforcea 
.viih  oniairectionai  grapnite  fibers.  The  reinforcea  castings  were 
•'abricatea  csmg  an  innovative  tecnniaae  Kno'.vn  as  hign  cressure 
saueeze  casting.  Previously,  squeeze  casting  has  oen  recognizee  as 
a  sucerior  r^ietal  forming  metnoa.  The  materials  fabricatea  in  this 
stuay  cemonstrate  tne  acility  cf  squeeze  casting  to  acnieve  gooa 
hber  Gistnoution  ana  infiltration  without  the  neea  for  ore- 
t'eatment  cf  the  fioers.  There  was  very  .ittle  coserveo  cnemicai 
'eaction  oetween  me  grapnite  fioers  ana  the  aluminum  in  the  as- 
cast  conaition.  The  strength  of  the  reinforcea  castings  increasea 
with  increasing  fiber  volume  fraction,  although  the  strengths  were 
generally  less  than  those  predicted  by  rule  of  mixtures.  The  tensile 
strengths  ranged  from  120  MPa  to  310  MPa  for  fiber  volume 
fractions  cf  5  percent  to  52  percent,  respectively.  A  model  was 
derived  to  explain  the  experimental  data  based  mainly  on  the 
assumption  that  the  interfacial  bond  between  the  fiber  and  the 
matrix  was  relatively  weak  compared  to  the  strength  of  the  fiber 
itself.  Other  properties  of  the  castings  were  also  examined 
including  microhardness,  stiffness  and  damping  capability.  In 
addition  a  second  model  was  developed  using  finite  element  methods 
to  describe  the  transient  thermal  behavior  of  the  molten  aluminum 
during  the  squeeze  casting  process. 
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INTRODUCTION 


1.T  High  Pressure  Squeeze  Casting 

Saueeze  casting  as  a  metal  forming  process  was  first 
ceveiooed  over  40  years  ago  in  the  USSR  fl  ].  Since  that  tim.e  it  has 
attracteo  the  interest  of  researchers  in  lnaia!2.3i,  Jaoan  [4-71  ,  :ne 
Uniteo  Kingoom  [3-10]  ana  the  United  States  [11-14],  Squeeze  cast 
metais  offer  mucn  imorovea  mechanical  oroperties  over 
conventional  gravity  cast  m,etais  and  are  comparaole  to  those  of 
‘orgea  wrougnt-alloys  [14],  This  is  principally  due  to  the  improved 
micro-structural  characteristics  of  squeeze  cast  metals  and  the 
aPsence  af  porosity  and  voids  in  the  castings.  The  improved  micro¬ 
structure  is  a  direct  result  of  the  rapid  solidification  of  the  molten 
metals.  Figure  1  shows  the  effect  of  pressure  on  the  solidification 
of  an  AI-12Si  alloy  that  was  studied  by  Chatterjee  and  Das  [8].  The 
"ate  of  solidification  of  metals  is  significantly  increased  due  to  the 
effects  of  the  pressure.  First,  the  pressure  acts  to  increase  the 
effective  rate  of  heat  transfer  by  as  much  as  an  order  of  magnitude 
[11],  Next,  the  pressure  forces  the  metal  into  almost  perfect 
contact  with  the  die  wall  which  virtually  eliminates  contact 
resistance  to  heat  transfer  [8,15].  Finally,  the  pressure  increases 
the  characteristic  melting  temperature  of  materials  that  expand 
upon  melting  as  predicted  by  the  Ciausius-Clapeyron  equation  [16]. 

Squeeze  cast  metals  have  been  developed  for  use  in  a  number 
of  commercial  applications  including  many  in  the  automobile 


Temperature, 


"Qustry.  'here  are  a  numoer  of  aavantages  to  using  saueeze  casting 
over  other  rrietal  forming  tecnniaues.  Saueeze  casting  offers  the 
aoiiity  to  proauce  intricately  snapea  comoonents  ana  the  strength 
ana  integrity  of  the  castings  nvai  those  of  forgea  m.ateriais.  Figure 
2  shows  a  comparison  oetween  two  typical  aluminum  forging  alloys 
that  have  been  gravity  cast,  saueeze  cast,  saueeze  cast  ana  heat 
treated  ana  forgea  ana  heat  treated.  !n  both  cases,  saueeze  cast 
metals  nave  significantly  higher  tensile  strength  than  the 
'espective  gravity  cast  counterpans.  Heat  treating  of  the  sgueeze 
oast  aluminum  orocuces  a  material  with  tehsiie  progenies  at  least 
as  great  as  the  fcrgeo  ana  heat  treated  aluminum.  The  saueeze  cast 
AI-7Si  alloy  has  a  tensile  strength  15%  higher  than  the  forged 
material  in  similar  heat  treatment  conditions. 

The  strengthening  of  metals  that  have  been  squeeze  cast  has 
been  shown  to  be  a  function  of  the  casting  pressures  used  [4,8].  The 
relationship  between  casting  pressure  and  tensile  strength  can  be 
seen  in  Figure  3  for  three  aluminum  casting  alloys.  A  normalized 
tensile  strength  is  used  in  order  to  show  the  behavior  of  different 
alloys  as  a  function  of  pressure.  The  normalized  tensile  strength  is 
defined  as  the  tensile  strength  at  pressure  P.  S(P),  divided  by  the 
tensile  strength  of  that  same  alloy  cast  at  atmospheric  pressure.  Sq. 
Casting  pressures  ranging  from  100  to  150  MPa  can  be  seen  to 
produce  significant  increases  in  the  tensile  strength  of  the 
aluminum  alloys.  Still  higher  pressures  result  in  higher  strengths 
but  the  effect  is  less  significant. 

From  the  above  one  can  see  that  squeeze  casting  is  a  very 
promising  metal  forming  technique.  Perhaps,  however,  the  most 
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Figure  3.  Effect  of  pressure  on  tensile  strength  of  aluminum. 

Normalized  tensile  strength  defined  as  the  tensile 
strength  of  alloy  cast  at  pressure,  P,  divided  by  strength 
of  alloy  cast  at  atmospheric  pressure. 


9xc::;r.g  prosoects  :cr  r,:gn  oressure  casting  :,e  in  the  fabrication  of 
•'.ber  'sinforcea  c'.etai  comoonents. 

1.2  Fabrication  of  Fiber  Reinforced  Metals 

Fiber  reinforcea  metals  offer  a  numoer  of  very  attractive 
onysicai  ana  m.ecnanicai  oroperties.  A  partial  list  is  given  in  Table 

The  orincioai  concern  of  these  materials  to  date  has  been  the 
"eiativeiy  hign  cost  of  m,anufacturing.  Some  of  the  more  common 
orocessmn  tecnnioues  are  liouid  metal  infiltration  and  P/M  hot 
oressing  or  ciffusion  oonaing. 

Liquid  metal  infiltration  involves  infiltrating  the  fiber 
reinforcement  with  molten  metal.  The  metal  is  infiltrated  into  a 
fiber  preform,  often  with  the  assistance  of  vacuum  or  low  to 
moderate  pressure.  However,  most  liquid  metals  do  not 
spontaneously  wet  the  ceramic  fibers  used  as  reinforcement.  For 
example,  the  Gr/Al  system  is  a  common  composite  system  where 
liquid  aluminum  will  not  spontaneously  wet  the  graphite  fibers. 
Therefore  the  fibers  require  a  coating  or  pre-treatment  of  some  type 
in  order  to  promote  wetting.  Typical  coatings  [17-19]  include  Ni, 

TiB.  K2TiF6  and  K2ZrF6.  Sodium  treatments  have  also  been  shown 
effective  in  promoting  wetting  of  graphite  fibers  by  molten 
aluminum  [18].  The  disadvantages  of  liquid  metal  infiltration  lie  in 
the  limited  ability  to  form  complicated  shapes  and  more  importantly 
in  the  relatively  long  liquid  metal  to  fiber  contact  times,  '’'hese 
contact  times  more  often  can  result  in  composites  with  less  than 
optimal  physical  and  mechanical  properties  through  the  degradation 


Table  1.  Some  ct  the  aavantages  of  fiber  remforcea  rretals 

•  Over  Mon-Reinrorcea  Metais 

Higner  sDecific  strengtns  ana  stiffnesses 

OrthotrcDic  arocerties  allowing  for  the  tailoring  of 
oomcosite  to  cesign  soecifications 

imorovea  camDing  inoise  control) 

•  Over  Fiber  Reinforced  Plastics 
Setter  high  temperature  properties 
Lower  sensitivity  to  moisture 
Higher  electrical  and  thermal  conouctlvity 

•  Over  Fiber  Reinforced  Ceramics 
Better  fracture  toughness  -  more  reliable 


3 


cr  :~e  t:Ders  cy  i''9  rr.oiten  ^eiat  ana  excess  cnemicai  reaciicn 
ce:ween  tne  ’  cers  ana  t^e  n-atrix  metal.  ~nis  ;s  carticjiariy  a 
crcciem  wiin  g^acnite  f  oer  ana  aluminum  m.atrix.  ’’he  cegraaation 
c:  G'aanite  f  cers  m  aluminum  was  stuaiea  by  Kohara  ana  Muto  [201. 

^'neir  stuay  snowea  a  cecrease  of  10  to  50%  m  tr.e  strengtn  of 

graonite  fibers  lesoeciaily  PAN  fibers)  that  baa  been  exoosea  to 

molten  aium.inum  'or  times  .ess  than  5  minutes,  ^he  en'ect  of 

cr'.em.icai  reaction  on  tne  strength  of  fiber  reinforcea  metais  can  ce 

seen  m  the  Gr  tioer  reinforcea  aluminum  stuaiea  by  DeLamotte  [171 

n"  tnis  stucv.  It  vvas  exoiainea  that  the  Ni  coating  that  was  usea 

'eactea  witn  tne  A1  to  form  a  brittle  mter-metallic  comoouna  at  the 

fiber/matnx  interface.  It  was  further  theorizea  that  the  brittle 

interface  was  unable  to  aosoro  the  energy  releasea  by  weak  point 

failures  in  the  fibers  and  redistribute  the  load  among  the  remaining 

fiber  segments  resulting  in  premature  failure  of  the  reinforced  ' 

aluminum. 

Powaer  m.etallurgy  hot  pressing,  on  the  other  hand,  is  very 
costiy  and  cumoersome  for  fabricating  fiber  reinforced  metals. 

Fiber  to  matrix  bonding  is  achieved  by  a  sluggish  solid  state 
diffusion  process  at  high  temperatures  for  extended  periods  of  time. 

These  process  conditions,  namely,  temperature,  pressure  and  time 
allow  densification  of  powder  matrix  and  also  can  result  in  an 
excessive  reaction  between  fiber  and  matrix.  As  described  above, 
the  excessive  reaction  is  undesirable  when  fibers  are  used  as 
reinforcement  in  metals.  A  trade-off  between  these  two 
diametrically  opposed  requirements;  the  densification  of  the  powder 
metal  and  the  minimization  of  the  fiber/matrix  reaction,  leads  to 


ess  t”an  exoectea  values  fcr  t^ie  onysicai  ana  mecnanicai  oroDenies 
nf  tne  materials.  n  aacition.  fibers  exoosea  to  the  temcerature. 
oressure  ana  t:m,e  of  orocessing  are  invariaDly  cegraaea.  Hot 
oressing  :s  aiso  unsuitable  for  m.etais  with  continuous  fiber 
"einforcemeni  because  of  aamage  or  oreaKage  to  the  fibers.  Hot 
oressmg  powaers  also  results  m  ooor  cistributioh  of  the  fibers 
throughout  the  metai.  Therefore,  not  Dressing  is  often  not 
commerciaiiy  attractive. 

Another  fabrication  technique  to  be  ciscussea  here  is  high 
oressure  soueeze  casting,  in  this  case,  saueeze  casting  as  a  m.etai 
•'orming  technique  mentioneq  at  the  oeginning  of  this  cnaoter  can  oe 
moaifieq  to  assist  ;n  the  infiltration  of  fiber  reinforcement.  The 
advantages  of  squeeze  casting  can  be  directly  related  to  its 
applicability  to  fabrication  of  fiber  reinforced  metals.  The  rapid 
rate  of  solidification  results  in  minimal  contact  time  between  the 
fibers  anO  the  molten  metal.  This  results  in  very  little  chemical 
reaction  between  the  fibers  and  the  matrix  in  the  as-cast  condition 
allowing  for  the  tailoring  of  the  interface  during  post  casting 
processing.  Also  the  pressure  forces  the  metal  to  infiltrate  the 
fibers,  eliminating  the  need  for  pre-coating  of  the  fibers  [21,22]. 
Finally,  with  innovative  preforming  techniques  squeeze  casting 
offers  the  opportunity  to  fabricate  planar  random  or  unidirectional 
fiber  reinforced  near-net  shape  components  at  a  reasonable  expense. 
Recognizing  the  potential  that  high  pressure  squeeze  casting 
possesses  as  a  process  for  the  fabrication  of  fiber  reinforced 
metals  and  the  limited  amount  of  work  available  to  Oate.  there  is  a 
need  for  further  investigation.  This  thesis  will  employ  squeeze 
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casting  process  tor  tr,e  fabrication  or  fiber  remforceo  metais.  The 
Objectives  ana  scooe  cf  this  investigation  follow. 

1.3  Objectives  and  Scope  of  Investigation 

The  ntain  ooiective  cf  this  investigation  'was  to  fabricate 
jniairectionai  fiber  remforceo  metals  using  nign  oressure  squeeze 
casting. 

The  onysical  ana  mecnamcai  orooerties  inducing  camping  of 
the  fabricatec  materials  wiii  aiso  oe  studied  along  with  a 
cnaracterization  c:  the  Tiber  m.atrix  interface.  A  m.ooel  will  also  ce 
oeveiooec  "or  me  transient  thermal  benavior  cf  the  orocess  using 
hnite  element  analysis. 

"he  next  chapter  will  descrioe  the  method  developed  to 
produce  fiber  remforceo  metals  using  high  pressure  squeeze  casting. 
Chapter  3  will  outline  the  the  finite  element  technique  used  to 
model  the  thermal  behavior  of  the  process.  The  testing  procedures 
used  for  the  fabricated  materials  will  be  discussed  in  Chapter  4 
followed  by  the  results  and  discussion  m  Chapter  5.  Following 
Chapter  5  will  be  the  conclusions  from  this  study  and 
recommencations  for  future  research. 
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FABRICATION  PROCEDURES 


In  this  cnaDter,  a  aescriniion  of  the  process  deveiooea  for  :”e 
casting  of  fiber  '■einforceo  metals  will  be  orovided.  The  eauiDm.eni 
ana  materials  will  be  ciscusseo  first  followea  by  the  castmg 
orocecures. 

2.1  Equipment  and  Materials 

'he  ‘ciicwing  two  sections  will  cescrioe  me  equipment,  t-e 
matrix  ana  fiber  materials  ana  the  unidirectional  fiber  preforming 
tecnmgue  used  to  cast  the  reinforced  metals. 

2.1.1  Equipment 

The  equipment  used  for  the  casting  of  reinforced  metals 
included  a  furnace  for  melting  the  metal,  a  metallic  die  and  a 
hydraulic  press,  along  with  some  minor  accessories. 

The  furnace  used  to  meit  the  metal  had  a  maximum 
temperature  of  1870  K  (2900'’  F)  and  had  no  provision  for 
atmospheric  control.  Temperature  inside  the  furnace  was  regulated 
by  an  automatic  on/off  controller  which  maintained  a  user 
determined  set-point. 

The  principal  die  used  in  this  investigation  was  a  70  mm  (2.7 
inch)  internal  diameter  circular  die.  A  schematic  drawing  of  this 
die  IS  given  as  Figure  4.  The  oie  was  made  from  1040  steel.  The  die 
wall  was  case  hardened  to  a  maximum  value  of  56  on  the  Rockweil-C 
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Tiatena;s  ana  case  naraening  specifications  tor  the  secono  die  were 
the  same  as  those  for  the  6.9  cm  (2.7  inch)  die.  A  drawing  of  the 
114  mm  (4,5  inch)  die  is  snown  in  Figure  5. 

The  oressure  was  applied  through  a  1773  kN  (200  ton) 
nyorauiic  press.  The  load  aoolied  by  the  press  vvas  controlled  py  an 
aojustaoie  oressure  release  vaive.  The  loao  on  the  punch  was 


caiibrateo  as  a  function  of  the  nyorauiic  pressure  on  tne  cyiinoer 
head.  “The  calibration  curve  is  given  as  Figure  6.  Once  the  curve  was 
estaPlisneo.  the  load  on  the  punch  could  be  found  directly  from  the 
indicated  hydraulic  pressure. 


Force 
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Figure  6.  Calibration  curve  relating  hydraulic  pressure  on  the 
cylinder  head  to  the  applied  load  on  the  die  punch 
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2.1.2  Materials 

The  matrix  material  usea  in  this  investigation  was  6061 
aluminum.  The  comoosition  ot  this  ailoy  ana  its  pnysicai  ana 
mecnanical  properties  can  oe  founa  eisewnere  [23]. 

Graphite  fibers  were  usea  to  reinforce  the  aluminum  matrix. 
Three  forms  of  carbon/grapnite  fibers  were  useb:  graphite  fiber 
tows  containing  approximately  2000  filaments  each,  sheets  of  Ni- 
coateb  carbon  fibers  laid  out  in  a  planar  ranaom  orientation  ana  held 
together  by  an  organic  binaer  and  sheets  of  uncoated  carbon  fibers 
also  in  a  planar  ranaom  orientation. 

The  tow  fibers  were  pitch  basea  Thornel  P-55.  The  physical 
ana  mechanical  properties  for  the  graphite  tow  fibers  and  the  planar 
ranaom  carbon  fibers  are  given  in  Table  2. 

In  abdition  to  the  graphite  fibers  used  in  the  principal 
investigation,  SiC  (Nicalon)  fibers  were  used  to  reinforce  6061 
aluminum.  These  unidirectional  fiber  reinforced  castings  were 
fabricated  using  the  same  procedures  described  in  this  chapter  for 
the  Gr/AI  castings. 

2.1.3  Unidirectional  Fiber  Preform 

This  section  will  describe  the  unidirectional  fiber  preform 
used  to  fabricate  the  unidirectional  fiber  reinforced  aluminum 
castings.  The  main  objective  of  the  preforming  process  was  to  _ 
prepare  a  preform  with  the  majority  of  the  fibers  laid  out  in  a 
parallel  direction.  When  attempts  were  made  to  infiltrate  preforms 
made  from  only  the  tow  fibers,  the  directionality  of  the  fibers  was 
not  maintained  and  there  was  poor  infiltration  by  the  liquid  metal. 


Table  2.  Physical  ana  mecnanical  properties  of  grapnite/caroon 
fiber  usea  to  reinforce  the  aluminum  castings 


Physical  or 
Mechanical 

Property 

P-55  Tow 
Graphite 

Fiber 

Random 

Sheet 

Carbon  Fiber 

Tensile  Strength, 

2100 

3100 

MPa  (ksi) 

(31  01 

(4501 

Young's  Mooulus. 

379 

235 

GPa  (Msi) 

(55) 

(34) 

Specific  Gravity 

1.8 

1.8 

Net  Weight 

0.0004a 

0. 0000315 

o.ooooic 

a.  in  g/mm 

b.  in  g/mm2  for  bare  carbon  fibers 

c.  in  g/mm2  for  Ni-coated  carbon  fibers 


Theretore  a  pretorming  tecnniaue  comoining  tne  tow  fibers,  tbe  tbin 
rji-coatea  fibers  ana  tbe  tnicker  uncoatea  fibers  was  ceveiooea. 

The  f.ber  preform  consistea  of  m.uitioie  layers  of  tow  fibers 
sanawicnea  between  sneets  of  the  Ni-coated  fibers.  The  thicker 
^ncoatea  caroon  fiber  sheets  were  usea  at  the  outer  surfaces  of  the 
preform.  The  puroose  of  these  sheets  being  to  facilitate  the  liouia 
metal  m  infiltrating  the  extreme  layers  of  the  preform.  The  number 
of  layers  in  the  preform  was  a  function  of  the  target  fiber  volume 
fraction.  A  graph  of  this  relation  is  given  in  Figure  7.  For  examoie. 
a  fiber  oreform  consisting  of  a  top  ana  bottom  half  having  10  layers 
eacn.  wnere  a  layer  is  distinguished  by  a  row  of  parallel  tow  fibers, 
or  a  total  of  20  layers  will  yield  a  casting  with  an  overall  fiber 
volume  fraction  equal  to  approximately  0.22.  Note:  If  the  preform 
contains  0  layers,  the  fiber  volume  fraction  is  not  0  due  to  the 
presence  of  the  randomly  oriented  thick  fiber  sheets. 

A  typical  fiber  preform  is  illustrated  in  Figure  8.  The  ratio  of 
the  mass  of  fibers  oriented  in  the  direction  of  the  applied  load  as  a 
hjnction  of  the  target  fiber  volume  fraction  is  given  in  Figure  9. 
Three-eighths  of  the  fibers  in  the  random  sheets  were  assumed  to  be 
oriented  parallel  to  the  tow  fibers.  The  3/8  coefficient  was  from  an 
empirical  equation  developed  to  predict  the  elastic  modulus  of 
randomly  oriented  fiber  reinforced  materials  from  the  longitudinal 
and  transverse  moduli  [24].  The  curve  in  Figure  9  approaches  an 
asymptote  at  around  94%  of  parallel  fibers  as  the  effects  of  the 
thick  planar  random  fiber  sheets  at  the  top  and  bottom  of  the  overall 
preform  become  negligible.  As  an  estimate  for  overall  fiber  volume 
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Figure  7.  Layers  in  preform  as  a  function  of  fiber  volume  fraction 
for  a  casting  70  mm  in  diameter  and  3.2  mm  thick.  Fiber 
volume  fraction  is  this  figure  is  the  overall  fiber  volume 
fraction  which  includes  all  the  fibers,  regardless  of 
orientation.  The  number  of  layers  is  defined  as  the  total 
number  of  stacked  rows  of  parallel  tow  fibers. 


2  or  3  sheets  of 
"anaomly  oriented 


Figure  8.  Schematic  drawing  of  unidirectional  fiber  prefo 
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Figure  9,  Percentage  of  fibers  oriented  parallel  to  one  another  as  a 
function  of  the  overall  fiber  volume  fraction.  The  fiber 
fraction  is  the  volume  fraction  of  all  the  fibers 
regardless  of  orientation. 


•raciicns  anove  0.15,  trie  cerceniage  ot  fibers  onentea  caraiiel  to 
one  anotner  is  assurr.ea  to  oe  90%. 

2.2  Fabrication  Procedures 

The  following  paragraons  will  describe  the  proceoures  used  to 
fabricate  carbon/grapnite  fiber  reinforced  aluminum  using  high 
pressure  squeeze  casting.  Althougn  the  mam  objective  of  this  v/orK 
was  to  fabricate  unidirectional  reinforced  castings,  ■fabrication  of 
planar  random  fiber  reinforced  castings  was  also  performed  in  oroer 
to  gam  familiarity  with  the  orocess  and  to  provide  cata  for 
comparison. 

Whether  planar  random  or  unidirectional  fibers  were  used,  it 
was  necessary  prior  to  casting  that  the  amount  of  metal  and  fibers 
be  estimated  for  target  fiber  volume  fraction.  This  calculation  was 
based  on  the  target  fiber  volume  fraction  and  the  size  of  the  casting. 
For  planar  random  fibers  and  for  a  selected  target  fiber  volume 
fraction,  the  mass  of  fibers  (Mf),  in  grams,  required  was  calculated 
by 

Mf  =  jtr2  t  Of  Vf  ( 1 ) 

Where:  Vf  =  target  fiber  volume  fraction 

Pf  =  density  of  fibers,  g/mm^ 

r  =  radius  of  circular  die,  mm 
t  =  thickness  of  casting  to  be 
fabricated,  mm 
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■  he  rrass  c:  retai  .n  grams,  was  caiCLiiatea  cirectiy 

^sing  eauaiicn  2. 


^  -V.)  (2) 

Where;  =  censity  of  metal.  g;mm^ 

The  target  hber  volume  fraction  for  unioirectional  remforcea 
castings  was  useo  to  determine  the  numoer  of  layers  in  the 
^nioirectionai  oreform  that  was  reauirea.  To  ootain  a  desired 
v'Oiume  fraction  of  fibers  oriented  parallel  to  one  another,  that  fiber 
volume  fractioh  was  civided  by  the  appropriate  ratio  obtamea  from 
Figure  9.  This  adjusted  fiber  volume  fraction  then  represented  the 
overall  fiber  volume  fraction  which  included  both  the  tow  fibers  and 
the  planar  random  fibers.  Once  the  overall  fiber  volume  fraction 
was  determined  the  number  of  layers  required  in  each  of  the  two 
fiber  preform  v/as  ootained  from  Figure  7. 

The  sdueeze  casting  process  consisted  of  three  stages;  the 
oasic  fiber  and  m.atrix  material  preparations,  the  pre-casting 
preparations  of  the  die  and  the  casting. 

The  basic  fiber  and  matrix  preparations  consisted  mainly  of 
determining  the  proper  amounts  of  each  required  and  melting  the 
metal.  Also  required  was  that  the  planar  random  fiber  sheets  be  cut 
to  the  appropriate  sizes  and/or  that  the  unidirectional  fiber 
preforms  be  made. 

Prior  to  casting,  the  die  was  cleaned  and  assembled.  A 
carefully  machined  graphite  disk  was  placed  into  the  die  at  the 
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2onom  cf  the  cavity  in  oraer  to  form  a  iiouid  metal  tight  seal  at  the 
oottom  ct  the  cie.  One-naif  the  total  amount  of  fibers  were  also 
ciaceo  into  the  cie  prior  to  casting. 

Casting  cf  the  metal  consisted  cf  oouring  the  molten  aluminum 
wnicn  haa  been  neated  to  a  temperature  of  aoproximately  1200  K 
1700  into  the  prepared  die  ana  then  adding  the  remaining  fibers 
‘ollowea  by  a  second  graphite  disk  and  the  die  punch.  The  actual 
temperature  used  was  somewnat  lower  for  the  planar  random 
'■einforcea  castings  and  somewhat  higher  for  the  unidirectional 
'einforcea  castings.  This  was  a  result  of  the  higher  packing  density 
of  the  tow  fibers  thus  maKing  them  more  difficult  to  infiltrate.  The 
optimum  temperature  used  was  the  lowest  possible  while  still 
achieving  complete  infiltration  in  order  to  minimize  the 
solidification  time  for  the  metal. 

Once  all  the  materials  and  the  punch  were  in  the  die,  the 
pressure  was  applied.  The  typical  casting  oressure  used  was  350 
MPa  (50  ksi).  Although  successful  infiltration  was  achieved  at 
lower  pressures,  the  high  pressure  was  chosen,  again  due  to  the 
desire  to  minimize  the  metal  solidification  time.  A  cross-section 
view  of  the  die  cavity  just  prior  to  the  application  of  the  pressure  is 
given  in  Figure  10. 

2.3  Heat  Treatment  of  Castings 

As  the  composites  fabricated  with  the  above  procedures  were 
optimized  so  as  to  have  as  little  interfacial  reaction  as  possible,  it 
was  expected  that  their  strengths  would  not  be  as  high  as  they 
might  be  with  a  relatively  strong  interfacial  bond.  Some 


:nem;cai  reaciicn  cetween  !!^e  tioers  ana  *.-e  rT;atrix  can  imorove  tne 
s:reng:n  c:  the  fiber/mairix  oona.  tnus  i.ccDroving  tne  aoility  c:  t'^e 
■^.air;x  :o  t:'anster  tne  loaa  to  the  reinforcing  fibers. 

From  preliminary  experiments,  wnere  the  Gr/AI  castings  were 
simoiy  neatea  to  825  K  (1025  'F)  for  times  ranging  from  3  hr.  to  240 
hr.  ihign  temperature  heat  treatment),  it  was  founa  that  it  was 
necessary  to  heat  the  aluminum  into  the  liquia  region  (very  nigh 
temperature  heat  treatment)  in  oraer  to  effect  a  reaction  oetween 
the  caroon  ana  the  aluminum.  This  was  accompiishea  by  heating  an 
as-cast  comoosite  specimen  in  a  rectangular  aie  that  was  heatea  to 
several  Cegrees  aoove  an  experimentally  aetermine  solidus 
temperature  for  the  6061  aluminum  usea  in  this  study.  The  setuo 
usea  in  the  present  investigation  is  shown  in  Figure  il.  After  a 
oredeterminea  period  of  time  (several  seconds  to  a  few  minutes), 
high  pressure  was  applied  to  the  die  in  order  to  increase  the 
soiiditication  temperature  of  the  aluminum  alloy,  as  described  by 
the  Clausius-CIapeyron  equation;  this  solidified  the  aluminum  alloy 
ana  essentially  stooped  further  reaction.  The  die  was  then  allowed 
to  cool  in  air  and  the  pressure  was  released  wnen  the  temperature 
fell  below  the  solidus  temperature. 
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Figure  11.  Heat  treatment  set-up  for  Gr/AI  casting  to  effect 

controlled  reaction  between  the  fibers  and  the  matrix 


3.1  Introduction  to  Thermal  Analysis 

In  the  SGueeze  casting  process  descriDeo  in  the  orevious 
chaoter.  the  application  cf  h:gn  pressure  nas  two  effects  on  the 
casting  process.  First,  t  facilitates  the  infiltration  cf  the  noiten 
"hetal  arouno  the  fibers.  Secono.  it  dramatically  reauces  the 
coiidificaticn  time  cf  the  i.auio  aluminum,  thus  reducing  the  amount 
cf  reaction  cetween  the  Tiber  and  the  aluminum  m.atrix.  i=*ressure 
'eouces  the  solidification  time  oy  reducing  the  contact  resistance  at 
the  die  wall  and  by  effectively  increasing  the  solidification 
temperature  of  the  molten  matrix  metal. 

The  modelling  of  solidification  of  metals  and  alloys  is  complex 
because  several  parameters  including  temperature  dependent 
thermal  properties,  convection  and  radiation  heat  losses,  phase 
change  and  the  apparent  increase  in  thermal  conductivity  due  to  the 
convection  of  the  moiten  m.etai  need  to  be  consideren.  Closed  form 
solution  for  solidification  processing  is  practically  impossible. 
However,  these  problems  can  be  handled  rather  simpiy  with  the  use 
of  numerical  methods  such  as  finite  element  method  (FEM)  [25]. 

A  recently  developed  finite  element  based  computer  program. 
THERM  [26],  was  modified  to  carry  out  thermal  analysis  of  the 
squeeze  casting  process,  the  code  required  some  modifications.  In 
the  squeeze  casting  process  there  is  some  degree  of  heat  loss  from 
all  sides  of  the  die.  Fortunately,  since  the  die  cavity  was  round,  it 


23 


cGuiG  be  r-oaeilea  using  axisymmetric  elements  wnicn  aiiowea  me 
v.vo-Cimensionai  THERM  crogram  to  moael  ‘be  tnree-aimensionai 
orooiem. 

There  are  three  main  ooiectives  ci  the  analysis  containea  ;n 
this  cnaoter;  a.  To  mocify  the  FEM  program  THERM  in  oraer  to  give  it 
axisymmetric  element  capaoility.  o.  To  solve  some  test  oroDlems 
*rom  the  iherature  m  order  to  demonstrate  the  accuracy  of  the 
solution  results  ootaineo  using  THERM,  c.  To  perform  a 
comoutaticnal  analysis  of  the  solidification  of  aluminum  during  the 
soueeze  casting  process  for  fabricating  reinforced  castings. 

3.2  THERM 

THERM  is  a  finite  element  code  originally  designed  to  study 
one-  and  two-dimensional  transient  heat  transfer.  Present  element 
capaoility  of  THERM  includes  quadrilateral  elements  with  4  to  8 
nodes.  There  are  also  provisions  for  temperature  dependent  thermal 
properties,  convection  and  radiation  heat  losses,  phase  change  and 
the  apparent  increase  of  thermal  conductivity  due  to  convection  of 
the  molten  metal. 

THERM  uses  a  variational  formulation  derived  from  the 
governing  partial  differential  equation, 

3  ^  3  „  ^  ^  3T 

3x  3x'  ^  3y  ^  3t 

Where  ;  x.y  =  coordinate  axes 

kx.ky  =  thermal  conductivities  in  the  x  and  y 
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Gireciions.  'esoeciiveiy 
T  =  terriDerature 

=  density  cf  the  metal 
C  =  soecific  neat  caDacity  cf  the  metal 

:  =  1 1  m  e 

The  Dounaary  ana  initial  ccnaitions  are  that  there  is  no 
nternai  heat  generation  per  unit  volume.  By  the  incorooration  of 
aaditionai  terms  convection  ana  raaiation  heat  losses  are  also 
aiiowea. 

The  cerivation  of  the  final  eauation  requires  an  exoianation  of 
variational  calculus  which  is  too  involved  for  this  study  and  may  be 
found  elsewhere  [25],  therefore  the  result  is  simply  presented  as 
Equation  4. 


I  Sd'T)  t^Atk  i^AtT'  dV)  =  J  STS  t^AtqS  dS)  (4) 

-  j  5T  dV 

.  j  5TS  t.Athc  -^'^TS-Ta)  dS 
.  j  3TS  i.^iifTS-Ta)  dS 


Where:  T'T 


K 


I  ^JL  1 
1  ax  ay  J 


0 


On  :''e  r  gnt-nana  s.ce  c:  Ec'jai:cn  tne  tirst  :srm  raoresenTS 
•,ne  surface  neat  inoui.  '‘he  secona  term  ceais  with  tne  volumetric 
■'eat  caDac'.ty  ana  the  tnira  ana  fcunn  terms  reoresent  tne 
scnvection  ana  raaiation  neat  losses,  respectively. 

The  numerical  solution  to  Eauation  4  is  ootainea.  using  Euler's 
oacKwara  implicit  time  integration  [251.  Eauation  4  is  nonlinear  as  a 
'esuit  of  the  temperature  ceoencent  thermiai  properties.  'The  non- 
mearities  are  nanaiea  Py  t' rst  linearizing  the  thermiai  properties 
ana  then  applying  a  moaifiea  Newton-Rapnson  iterative  solution 
m  e  t  h  c  a  125'’ 

Input  cf  the  tnermai  propenies.  .nitiai  conaitions  ana  the 
calculation  parameters  are  accomolishea  by  reaaing  the  values  into 
the  maih  program  from  a  separate  formattea  input  file.  The  format 
reguired  for  this  input  file  follows. 

3.3  Input  File  Format 

The  format  of  the  input  file  used  to  input  the  material  thermal 
properties,  initial  conditions  and  the  calculation  parameters  is 
provided  in  this  section  in  tabular  form.  A  description  of  each  entry 
for  every  column  is  given  on  a  line  by  line  basis.  Related  groups  of 
lines  are  given  in  each  of  Tables  3  through  8. 
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Table  3.  General  ."rcrmauGr:  'o  cetine  sysiem  ana  to  crovice 
cjiceiines  for  caicjiaiions  usea  :n  THERM 


Lire  1 

Column 

Variable 

Entry 

1-^0 

NELB/ 

Numoer  of  elements 

i  1  -  ^  u 

rJMCOE 

Numaer  of  noae 

21  -30 

NTIMES 

Total  romoer  of  time  steos 

31-40 

NITERS 

Maximum  number  of  iterations  per  time  step 

4  1-50 

^G 

Numoer  of  Gauss  ccints  to  be  usea  in 

calculations 

51-60 

NMATL 

Total  number  of  m.aterials 

61-70 

NLUMP 

Lumpea  parameter  matrix  (0  =  consistent,  1  = 

lumped) 

71  -80 

NCHECK 

Trial  run  to  check  mesh  generation 

1-mesh  and  material  property  check  only 

0-run  entire  oroaram 

Table  3.  Continuea 


Line  2 

Column 

Variable 

Entrv 

1  -  0 

THICK 

ThicKness  of  eiemenis  (0.0  for  axisyminetrx 

elements) 

11-20 

DELT1 

Primary  time  step  value 

21  -30 

DELT2 

Seconaary  time  step  value 

3  1  -40 

TMELT 

Melting  temoerature  of  molten  m.ateriai 

41-50 

TAMB 

Amoient  temperature 

51  -60 

TINIT 

Initial  temperature 

61-70 

CONVCR 

Convergence  criteria  for  iterations 

71  -80 

NPRINT 

Print  after  how  many  time  steos? 

Table  4.  _.r.e  csTinmg  vveiGing  parameters.  _.ne  is  reecea  even 

.veiama  aaD'.ication  ;s  rot  "eau'.rea. 


Lire  ■ 

Column 

Variable 

Entry 

1  - '  C 

XARC 

Initial  'x'  position  of  welding  arc 

1  (  •  :!  w 

XBC 

Final  'x'  position  of  weiding  arc 

21-:: 

ZARC 

Initial  'z'  position  of  weiding  arc 

Set  eouai  to  i  .0  for  no  'weld 

O 

O  1  -  ^  -j 

ZE^D 

Final  'z'  oosition  cf  weiding  arc 

^  ^  ^  Z 

^VvER, 

-ower  rout  cf  weiaing  arc 

51-63 

SPEED 

Soeea  arc  moves  in  tne  'x'  cirecticn 

61 

RD 

Initial  radius  of  weld  pool 

Set  egual  to  1 .0  for  no  weld 

71-50 

EFF 

Efficiency  of  weld  input 

3  5 

Table  5. 

Material  c'caertv  ir.tormaticn.  '.is  crcuo  ct  :  ''es  .s 
'eoeatea  Mr  eacn  rr.atenai. 

Column 

Variable 

Entry 

1  - '  0 

TS 

Solidus  temperature 

t  t  -20 

TL 

Liduiaus  temperature 

2  1-30 

HLAT 

Latent  heat 

3  1  --0 

EM'SS 

Emissivity 

41-50 

CMULTP 

Enhancement  factor  Mr  convection  cf  moiten 

•nateriai 

5  1-50 

Nik) 

Numoer  of  temperatures  for  wnicn  thermal 

conouctivity  values  are  to  oe  given 

61-70 

NIC) 

Numoer  of  temperatures  for  which  heat 

capacity  values  are  to  Pe  given 

71  -80 

N(H) 

Number  of  temperatures  for  which  enti.^ipy 

values  are  to  be  given 

N^k)  L.nes 


Column 

Variable 

Entrv 

1  -  *  0 

TfK) 

Temoerature  at  vynicn  k  is 

to  09  Given 

^  t  -30 

K 

Thermal  conductivity,  k.  at 

Ti'K) 

NfCt  L:oes 

^  ^  0 

T(C) 

Temoerature  at  wnicn  C  is 

to  09  Given 

'C  n 
.  ■  C  \j 

_ 

Heat  caoaciiy,  C.  at  TfC) 

NfHf  Lines 

1  -  *  0 

T(H) 

Temperature  at  which  H  is 

to  De  given 

1  1  -30 

H 

Enthaloy,  H,  at  T(H) 

Table  6.  Coetficient  for  convective  heat  transfer 


Input  Value  for  NE 

2 

3 

4 

5 

6 
7 
3 


Heat  Transfer  Face 

A 

B 

C 

D 

A  and  B 
B  and  C 
C  and  D 
A  and  D 


Figure  12.  Convective  heat  loss  bounoary  conditions 
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Table  8.  ‘iocai  cata 

NNODE  L.res _ _ 

Column  Variable  Entry _ 

1-5  N  Noae  numoer 

5-^0  NDIFF  Difference  in  node  numbers,  used  :o  generate 

node  coordinates 

1  '  -  20  X(N)  'x'  coordinate  of  node  N 

■y'  coordinate  of  node  N 


<1  .  -  J  J 


YfNl 
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3.4  Axisymmetnc  Analysis 

cDiiitv  :o  "^OGei  tr.e  rcur.a  c;e  caviiv  asea  •’ar  Ecaeeze 
:as::ng  *  aer  -einTorcea  neta;s  .a  :-.e  oresent  invesiicaiicn  '.viin 
axisvmrr;e!ric  eiemenis  allows  for  :oe  creoicticn  c:  :‘'.e  '.'ansieni 
•'eai  t'ans'er  cenavicr  ;o  tne  toree-aimensionai  cavity  csing  :"8 
•.vo-aimensionai  crogram  THERM.  The  axisymmetnc  elements, 
snown  n  Fmcre  '3.  are  ring  snaoea  elements  v;itn  coaoriiatera! 
cross-sections.  ,Vhen  osing  axisymmetnc  elements,  the  finite 
element  m.esn  is  soecifieo  for  one-naif  of  the  soecimen  cross- 
section  ana  these  e;ements  are  essentially  rotateo  360  cegrees  to 
'eoresent  tne  entire  soecimen  ceing  moceiled.  Essentially  tne 
moGification  consistea  of  changing  the  thickness  for  eacn  element 
‘rom  a  constant  numoer  to  a  variaoie  aeterminea  by  the  cistance  of 
that  element  from  the  center  of  the  specim.en  being  modeled.  This 
puts  the  requirement  on  the  input  that  ’x'  must  always  be  equal  to 
0.0  at  the  center  of  the  specimen. 

Test  oroDlems  using  the  modified  version  of  THERM  are 
containea  m  the  next  section  followed  by  a  model  to  describe  the 
sGueeze  casting  process. 

3.5  Test  Problems 

In  this  section,  two  test  problems  with  established  solutions 
will  be  set-up.  The  modified  version  of  THERM  will  be  used  to  solve 
these  proOlems  with  the  results  presented  in  Chapter  5.  The 
computed  solutions  wilt  be  compared  to  solutions  from  published 
literature. 


Figure  13.  Typical  ax isym metric  element  used  in  experimental 
model.  Numbers  represent  each  of  four  nodes  at  the 
corners  of  the  quadrilateral  cross-section. 
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3.5.1  One-Dimensional  Heat  Transfer  Example 

A  1,52  rr  X  0.30  m  x  0.30  m  caviiy  contains  a  material  witn 
orooerties  soecifieo  :n  Table  9.  The  cavity  is  insulated  cn  ail  sices 
excec:  ‘cr  one  of  the  snorter  sioes.  The  rate  of  solidification  of 
:nis  material  can  oe  oredicteo  using  THERM.  The  finite  element 
mesn  usea  is  snown  in  Figure  14.  The  exact  solution  for  this 
prooiem  was  cotaineo  from  a  study  by  Hsiao  (27]. 

3.5.2  Two-Dimensional  Heat  Transfer  Example 

A  3.05  m  sauare  by  0.30  m  deed  cavity  contains  a  metal  having 
me  crooenies  soecified  in  Table  10.  There  is  convective  neat  loss 
from  ail  sides  of  the  cavity.  Due  to  symmetry,  one  quarter  of  the 
cavity  was  m.odelled  as  shown  m  Figure  15.  The  position  of  the 
solid/liquid  interface  was  predicted  THERM.  The  literature  solution 
of  this  oroblem  also  was  obtained  from  the  study  by  Hsiao  [27], 

3.6  Modelling  Squeeze  Casting  Process 

In  the  high  pressure  squeeze  casting  process  for  fabricating 
‘iber  reinforced  m.etal  casting,  molten  metal  is  poured  into  a 
metallic  die  containing  one-half  the  total  fiber  reinforcement  to  be 
used.  Immeoiately  after  pouring,  the  remaining  fibers  are  placed 
into  the  die  on  top  of  the  molten  metal.  The  punch  is  then  placed  in 
the  Gie  and  high  pressure  is  applied  until  the  metal  has  completely 
solidified. 

This  process  is  divided  into  three  consecutive  steps.  Each  of 
these  steps  is  modelled  independently  with  the  final  thermal 
conditions  of  the  previous  step  being  used  as  the  initial  conditions 
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Table  9.  Matenai  aroaerties  aaa  initial  canaitions  tor  cne- 
Gimensionai  test  orobiem 


Material  Prooerties 

Soiiaus  Temperature  T3 

532.6 

K  [499.5  ^F] 

LiGuiaus  Temoerature  Tl 

533.4 

K  [500.5  ^F] 

Melting  Temoerature  T^ 

533 

K  [500  =F] 

Latent  Heat  of  Fusion  Hl 

3730 

KJ/m3[100  Btu/Ft^] 

Thermal  Conductivity, 

Temperature,  K  [  F] 

KJ/misKK'i  'Btu.'(FtUs')('FH 

6,2  [1.0] 

assumed  constant 

Heat  Canacity.  KJ/m^  ^Btu/Ft^l 

Temperature,  K  FF^ 

37,3  [1.0] 

assumed  constant 

Enthaloy,  KJ/m^  fBtu/Ft^i 

Temperature.  K  FFI 

0,0  [0.0] 

311  [100] 

14,900  [399.5] 

532.6  [499.5] 

18.600  [499.5] 

533.4  [500.5] 

23.000  [619.0] 

600.0  [620.0] 

1  Initial  Conditions 

Initial  Temperature 

T, 

600  K  [620  °f] 

Ambient  Temperature 

Ta 

311  K  [100  ’F] 

Coefficient  for 

Convective  Heat 

12.900  KJ/m2(s)(K) 

T  ransfer 

[630  Btu/Ft2(s)(’F)] 

44 


Insulated  sides 


Element  numoers 


[jjdW— I - Node  numbers  JN  I  ?}?IN  4 


1 


0.30  m 


1.52  m- 


Figure  14.  Finite  element  mesn  used  to  model  one-dimensionai 

test  problem.  Heat  loss  is  by  convection  from  left  side 
of  cavity  as  drawn. 


Table  10.  Material  croDerties  ana  i 
aimensionai  test  proolem 


nitiai  conaitions 


Material  Prooerties 


Solidus  Temoerature  Ts 
Liquidus  Temperature  Tl 
Melting  Temperature  T,^ 
Latent  Heat  of  Fusion  Hl 


Thermal  Conductivity, 

KJ/mfs)(K)  :Btu/fFtUs)(  =  Fn 


6.2  [1.0] 
5.6  [0.90] 


699  K  [799  =F] 

700  K  [700  "F] 

700  K  [801  ^^F] 

3730  KJ/m3[100  Btu/Ft^] 


Temperature,  K  ["F] 


699  [766] 

700  [80li 


Heat  Capacitv.  KJ/m^  fBtu/Ft^l  Temoerature.  K  f'FI 


37.3  [1.0]  assumed  constant 


Enthalpy,  KJ/m-^  fBtu/Ft^l 


0.0  [0.0] 
26,000  [699] 
39,000  [1049] 
46,500  [1248] 


Initial  Conditions 


Initial  Temperature  Tj 
Ambient  Temperature  Ta 
Coefficient  for 

Convective  Heat  h,. 
T  ransfer 


Temperature,  K  f'F] 


311  [100] 

699  [799] 

700  [801] 
1000  [811] 


811  K  [1000  °F] 

311  K  [100  °F] 

41  KJ/m2(s)(K) 

[2.0  Btu/Ft2(s)(°F)] 


V52  m 


■i6 


Center 
0  f 

cavity 


Figure  15.  Finite  element  mesh  used  to  model  two-dimensional 

test  problem.  Heat  loss  is  by  convection  from  left-hand 
and  near  sides  of  cavity  as  shown. 


‘cr  me  next.  T'ne  nrst  steo  is  aefinea  as  wnen  the  metal  ana  ail  the 
hbers  are  piacea  in  the  aie  out  the  punch  still  has  not  been.  The 
section  moaellea  mcluaes  from  the  center  of  the  molten  metal  to 
the  top  of  the  fibers  as  shown  in  Figure  16.  Since  no  pressure  has 
oeen  applied  yet,  there  is  still  a  consideraole  amount  of  air 
surrounding  the  fibers  and  this  is  modelled  as  alternating  layers  of 
air  and  graphite  with  the  air  layers  representing  the  greatest 
volume.  In  this  step  it  is  assumed  that  no  infiltration  has  yet 
occurred.  The  input  conditions  for  this  step  are  contained  in  Table 
^  1 .  Included  are  the  thermodynamic  properties  for  the  three 
materials;  aluminum,  grapnite  and  air  and  the  initial  conditions. 

Tlte  Sev^uiiCj  step  is  defined  as  when  the  punch  has  been  placed 
into  the  die  causing  the  fibers  to  compress  but  still  the  high 
pressure  has  not  been  applied  so  there  still  is  no  infiltration.  The 
input  for  this  step  is  the  same  for  the  first  except  that  the  initial 
temperature  becomes  the  average  temperature  of  the  molten  metal 
after  1.5  seconOs  in  step  1.  The  mesh  used  in  this  step  is  also 
similar  to  that  in  the  first  with  less  volume  of  air.  The  actual  mesh 
used  Is  shown  in  Figure  17.  This  step  is  run  for  the  equivalent  of 
another  2  seconds  of  process  time,  and  the  average  temperature  of 
the  molten  metal  is  then  used  in  the  final  step. 

In  the  final  step  the  high  pressure  has  been  applied  and  the  the 
cavity  no  longer  contains  any  air  and  the  material  is  modelled  as  a 
combination  of  graphite  and  aluminum.  The  mesh  used  to  model  the 
final  step  is  shown  in  Figure  18.  The  thermodynamic  values  for  this 
material  were  calculated  from  equations  available  from  the 
literature  [24]  and  are  given  in  Table  12.  In  order  to  simulate  the 
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Figure  16. 


Finite  element  mesh  used  to  model  first  step  in 
experimental  model.  Fiber  volume  fraction  equal  to  30 
percent.  Heat  loss  is  modelled  as  convective  from  top 
and  right  hand  sides  as  drawn.  Elements  are 
quadrilateral  axisymmetric. 


Die  wall 


Table  11.  Thermoavnamic  procenies  c:  rr.atenais  usea  in 
excerimental  moael  ana  imtiai  conaitions 


Material  Prooerties  fAluminumi 

Solidus  Temperature  T3 

855  K  [1079  "F] 

Liauidus  Temperature  Tl 

925  K  [1205  =F] 

Melting  Temoerature  Trn 

925  K  [1205  ''FI 

Latent  Heat  of  Fusion  Hl 

1.1x105  KJ/m^k  [  1  6.4x  1  03 

Btu/Ft3  =  F] 

Thermal  Conductivity, 

KJ/m(si(K)  fBtu/fFtUs)r=FM 

Temperature,  K  [  F] 

0.25  [0.040] 

298  [77] 

0.23  [0.036] 

473  [329] 

0.22  [0.0351 

873  [1,112] 

0.21  [0.034] 

1,273  [1,832] 

0.20  [0.032] 

1.473  [2.192] 

Heat  Capacity,  KJ/m^K  fBtu/Ft3“Fl  Temperature,  K  [-F]  | 

2,400  [35.8] 

293  [68] 

2.800  :41.^1 

673  [752] 

2,900  [43.2] 

1.073  [1,472] 

2,900  [43.2] 

1,473  [2,192] 

1  Enthalpy,  xio^KJ/m^K  fxio^Btu/Ft3°F1Temperature.  K  1°F]  1 

J.O  [0.0] 

293  [68] 

1.1  [16.4] 

673  [752] 

3.3  [49.2] 

1,073  [1,472] 

4.5  [67.1] 

1,  473  [2,192] 

1  Material  Properties  (Graphite)  I 

Solidus  Temperature  Ts 

>  2000  K 

Liquidus  Temperature  Tl 

>  2000  K 

Melting  Temperature  T^ 

>  2000  K 

Latent  Heat  of  Fusion  Hl 

0.45x10®  KJ/m3K  [6.7x103 

Btu/Ft3°F] 

50 


Table  11.  Coniinuea 


Thermal  Conauctivity, 

Temperature,  K  [  F] 

KJ/misUKI  'Btu.'iFt1fs)('F11 

0.050  [0.008] 

293  [68] 

0.100  [0.0161 

773  [932] 

0.092  [0.015] 

973  [1,292] 

0.050  [0.008] 

1.473  [2.192] 

Heat  Caoacitv,  IBtu.'Ft^^Fl  Temperature,  K  I'Fl 

921  [13.7] 

225  [-54.7] 

2.500  [37.3] 

500  [440] 

3,100  [46.2] 

1,000  [1,340] 

3.600  [53.7] 

1,500  [2,240] 

Enthalpy,  xio°KJ;mjK  fxio^ 

Btu/Ft^'F^Temperature,  K  f-Fl 

0.0  [0.0] 

293  [68] 

0.45  [6.7] 

473  [392] 

2.14  [31.9] 

973  [1.292] 

4.31  [64.31 

1,473  [2,192] 

1  Material  Properties  (Air) 

Solidus  Temperature  Ts 

5  K  [-451  =F] 

Liquidus  Temperature  Tl 

5  K  [-451  ’F] 

Melting  Temperature  T^ 

5  K  [-451  =F] 

Latent  Heat  of  Fusion  Hl 

582  KJ/m3K  [8.7  Btu/Ft3°F] 

Thermal  Conductivity, 

Temperature,  K  [=F] 

KJ/m(s)(K)  rBtu/(Ft)fs)(°F1] 

2.6x10-5  [4.2x10-5] 

293  [68] 

3.8x10-5  [6.1x10-5] 

498  [437] 

5.9x10-5  [9.5x10-5] 

998  [1,337] 

6.7x10-5  [1  1 .0x10-5] 

1,198  [1,697] 

7.5x10-5  [12.0x10-5] 

1,473  [2,192] 

1  Heat  Capacity,  KJ/m^K  fBtu/Ft3°F1  Temperature.  K  1°F1 

1.2  [0.018]  assumed  constant 


5  1 

Table  11.  Coniin’jea 


Enthaloy,  KJ/m^K  iBtu/Ft^'Fl 

Temperature,  K  FF1 

0.0  fO.Ol 

293  [68] 

582  [3.7: 

773  [932] 

1,214  r^8.1] 

1,273  [1,832] 

1457  [21.7] 

1,473  [2.192] 

Initial  Conditions 

Initial  Temperature  T,  1,473  K  [2,192  '^Fj 
Ambient  Temoerature  T,  293  K  168  "FI 
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effect  cf  oressure  on  tr.e  neat  transter  tnrougn  the  cie  wail  ,  the 
''eacction  of  contact  'esistance  cue  to  the  oressure.  the  coefficient 
•'or  convective  neat  transfer  ;s  increasea  a  orcer  of  magnitude  over 
the  value  used  in  steos  f  ana  2.  This  is  consistent  with  some 
exoerimental  oDservations  referenced  [11]  in  Chapter  1  of  this  study 
wnich  inaicate  an  oraer  of  magnitude  increase  in  the  overall  rate  of 
neat  transfer  tnrougn  a  oie  wail  wnen  high  pressure  is  applied  rather 
than  simole  gravity  casting. 

The  average  temperature  for  the  molten  metal  as  a  function  cf 
time  in  the  three  steos  described  above  were  then  combined  to  give 
a  reoresentation  of  the  transient  thermal  behavior  of  the  process  for 
fabricating  fiber  reinforced  metal  castings.  This  curve  will  be 
presented  in  Chapter  5  on  results  and  discussion. 

Although  there  are  still  factors  in  the  solidification  of  molten 
metal  castings  with  fiber  reinforcement  that  are  not  addressed  by 
this  model,  such  as  the  effect  of  the  fibers  in  providing  nucleation 
sites,  ihb  model  does  cover  the  more  significant  areas  and  acts  as  a 
gooo  starting  point  for  further  development. 
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'::ai  Nccas  =  -:4 

Total  Elements  = 

Material  =  Gr  fiber  reinforced  A1  (Vf  =  0.301 


2.0 


3.0 


Figure  18.  Finite  element  m.esh  used  to  model  final  step  in 
exoerimental  model.  Heat  loss  is  modelled  as 
convective  from  the  top  and  right  hand  side  of  the 
figure  as  drawn.  Elements  are  quadrilateral 
axisymmetric. 


Material  Prooerties  Grapnite/ Aluminum) 


SciiGus  TemDerat'jre  T5  355  K  [1079  F' 
L.GuiG'JS  TemceratGre  T  925  K  [1205  'F' 

Melting  TemDerature  325  K  [1205  'F; 

Latent  Heat  c:  F'jsicn  H;  '1x10^  KJ/m-^K 


6.4x1 03 

Bt'j,Ft3^P 


Thermal  Conauctivity, 

KJ  .rtfSHKI  'Bt’j.  iFr  'S!(  'F'’' 


0.19  [0.030] 
0.18  '0.0291 
0.16  :0.0241 


Temperature,  K  1 


298  '.771 
873  ;i.M2] 
H473  '2.1921 


Heat  Capacitv.  'Btu.'Ft^ '  ■  Temperature.  K  I  P 


Enthalpy,  .<'  j°KJ.m^K  fy lO^Btu/Ft^^FlTemperature.  K  f'Fl 


.0  [0.0]  293  [68] 

11  [16.4]  673  [752] 


2,070  130.81  293  [68] 

2.580  [38.5]  500  [440] 

2960  [44.1]  1,000  [1,340] 

3.110  146.41  1,500  12,240] _ 


"  ""p  [44,0] 


1,073  11,472] 


Chacier 
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TESTING  PROCEDURES 


This  cnaoter  cescrioes  the  oroceaures  used  to  characterize  the 
*'abr:catea  ‘iber  ’•einforced  castings. 

The  tests  certcrmea  inciuae  tensile  tests,  micro-narcness 
tests  ana  rrucrcsccoic  examinations.  Also,  measurements  were 
carried  cut  ‘or  evaluating  the  camoing  characteristics  of  the 
'emforceo  castings. 

4.1  Procedures  for  Tensile  Testing 

Tensile  tests  were  performed  in  order  to  characterize  the 
tensile  strength  and  stiffness  of  the  fabricated  reinforced  castings. 
Tests  were  performed  on  an  Instron  machine.  A  controlled  strain 
rate  was  maintaineo  with  a  cross-head  speed  equal  to  0.051  cm/min 
/0.020  in/mm)  for  ail  tests.  The  load  as  a  function  of  time  for  the 
test  was  recordeo  using  a  chart  recorcer.  Self  tightening  weage 
shaped  grips  were  used  to  secure  the  specimens.  These  grips 
increaseo  the  gripping  force  as  a  function  of  the  load  on  the 
specimens. 

There  were  two  similar  types  of  test  specimens  used  in  the 
tensile  tests.  Both  were  a  typical  dog  bone  shape.  The  specimens 
used  for  the  ultimate  strength  measurement  had  a  narrower  cross- 
section  in  order  to  promote  a  more  uniform  fracture  in  the  gage 
length.  The  second  type  of  dog  bone  shaped  specimen  had  a 


zor.siaeraDiy  v/iaer  crcss-section  in  crcer  to  rac::itate  tne  mounting 
o:  a  strain  gage  ter  cetermination  of  ernmary  stiffness  ana  f'acture 
strains  for  f^.e  castings,  ’'he  two  types  c:  tensiie  soecimens  are 
iustrateo  in  Figure  t3.  ~he  wiath  of  the  gage  lengtn  for  tne 
strengtn  specimens  ana  tne  stiffness  soecimens  was  aoproximately 
0.64  cm  (0.25  inen)  ana  i  27  cm  (0.5  incni,  respectively.  Overall 
.viatns  were  approximately  i  27  cm  (0.5  men)  ana  1.90  cm  (0.75 
ncni,  resoectiveiy.  The  length  of  the  soecimens  was  the  same  cf 
either  type  ana  was  a  function  cf  the  location  from  wnicn  the 
soecimen  was  taken  mom  tne  original  casting.  The  variation  can  ce 
seen  ;n  F'cure  20.  Gage  ;engths  v;ere  consistently  2.54  cm  d.O  incni 
•'or  ail  soecimens. 

The  specimens  were  cut  using  a  high  speea  rotary  tool  with  a 
0.64  cm  (0.25  inch)  carbide  tipped  bit.  This  tool  allowed  cutting  of 
the  casting  only  in  the  alrection  parallel  to  the  fiber  reinforcement, 
thus  minimizing  any  delamination  of  the  casting  prior  to  testing. 

The  ultimate  fracture  strength  of  the  reinforced  castings  was 
measurea  by  allowing  the  tensile  test  machine's  cross-heaa  to 
continuously  pull  the  specimen  at  the  specifiea  speed.  For  stiffness 
measurement,  the  test  specimens  were  loaded  to  a  small  fraction  of 
their  anticipated  ultimate  strength  and  a  record  was  made  of  load 
versus  the  strain,  indicated  by  the  strain  gage.  Tests  were 
performed  one  time  only  for  each  specimen.  The  fracture  strain  was 
measured  by  loading  test  specimens  with  strain  gages  ail  the  way  to 
fracture. 


Figure  19.  Tno  types  of  tensile  test  specimens  usea  for  the 

measurement  of  a.)  tensile  strength  and  b.)  stiffness 
and  fracture  strain  of  fiber  reinforced  castings. 
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on  casting 
surface 


Figure  20.  Schematic  illustration  of  tensile  specimens  from 

unidirectional  fiber  reinforced  casting  showing  relative 
location  of  specimens 


4.2  Procedures  for  Determination  of  Microharoness 

The  micrcnaraness  of  the  saueeze  cast  6061  Al  matrix  was 
ceterminea  using  a  Vickers  aiamona  inaenier.  The  matrix  was 
testea  in  four  conaitions:  as-cast  with  no  fiber  reinforcement,  fiber 
'einforcea  matrix  that  had  been  subjectea  to  high  temperature  solid 
state  neat  treatment  ano  fiber  reinforced  matrix  that  had  been  heat 
treateo  at  a  temperature  above  the  experimentally  determined 
solidus  temperature. 

The  procedure  for  determining  the  Vicker's  micro-naroness 
nciuoed  measuring  the  diagonals  of  the  diamond  shaped  indentation 
and  using  the  average  diagonal  length  ano  the  applied  load. 

The  micro-hardness  is  defined  as: 

F 

Vicker's  hardness  (HV)  =  ^  (5) 


Where  F  is  the  force  applied  to  the  indenter  and  A  is  the  area  of  the 
indentation.  An  indentation  is  shown  schematically  in  Figure  21. 

The  snape  is  a  regular  pyramid  with  the  the  face  angle  assumed  to  be 
equal  to  the  face  angle  of  the  indenter.  The  area  of  the  indentation, 
A,  io  given  by  the  following  relationship: 


A 


2  sin 


136° 

2 


d2 


(6) 


Where  the  face  angle  of  the  diamond  is  136°  and  d  is  the  average 
length  of  the  diagonals.  Substituting  equation  (6)  into  (5)  yields 


2  F  Sin 


5  2 


HV  = 


>7) 


Where  F  is  in  Kiiograms  rcrce  (Kgt)  ana  d  is  in  mm.  The  units  of  HV 
.vui  be  Kgt/ mi m^. 

The  inaentations  were  iocatea  sucn  tnat  they  did  not  contact 
any  fibers  that  were  present  in  the  cross-section.  A  load  of  0.294  N 
.0.030  'Kgt)  was  used.  Smaller  loads  than  this  produced  indentations 
too  small  to  be  accurately  measured.  The  load  was  kept  on  the 
^naenter  ''or  approximately  30  seconds  after  the  indenter  contacted 
tne  test  soecim.en.  Prior  to  the  mucroharcness  tests,  test  specimens 
were  saw  cut  and  cold  mounted  in  plastic.  The  specimens  were 
polished  using  very  fine  abrasive  paper  with  a  final  cloth  polishing 
with  10  micron  alumina  suspended  in  distilled  water.  The  resulting 
finish  was  suitable  for  light  microscope  examination. 

4.3  Procedures  for  Microscopic  Examination 

Microscopic  examinations  were  carried  out  by  optical 
microscopy  and  scanning  electron  microscopy  (SEM).  Specimens 
similar  to  those  described  in  section  4.2  were  used  for  examination 
by  optical  microscopy.  The  specimens  were  examined  for  fiber 
distribution,  metal  infiltration  and  the  fiber/matrix  interface.  The 
polished  specimens  were  etched  with  a  warm  dilute  NaOH  solution. 
Cross-sections  cut  parallel  to  and  those  perpendicular  to  the  fibers 
were  examined. 

A  scanning  electron  microscope  was  used  to  examine  the 
fracture  surface  of  the  castings  fractured  under  tensile  loading.  In 
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accition.  -ibers  at  cifferent  stages  cf  the  orocessing  were  examinea. 
Fibers  onor  to  casting,  atter  casting  ana  after  neat  treatment  at 
temoeratures  slightly  greater  than  the  soiidus  temoerature  were 
examinea.  The  fibers  were  extractea  from  the  matrix  cf  the 
castings  oy  cissoiving  the  matrix  in  concentratea  warm  NaOH. 

4.4  Damping  Measurement 

Cantilevered  beams  vjere  used  for  the  damping  mieasurements. 
The  oeams  were  clamoed  on  one  end  and  vibrated  on  the  other  in  the 
thicker  cimension  of  the  cross-section.  The  aetaiis  of  the 
exoerimiental  configuration  are  snown  in  Figure  22.  The  sinusoicai 
freauency  is  produced  by  a  frequency  generator  and  monitored  by  a 
frequency  counter.  The  signal  is  amplified  and  sent  to  a  switching 
box  where  it  is  split  and  sent  to  an  oscilloscope  and  a  copper  coil 
wnich.  in  turn,  produces  a  varying  electromagnetic  force  on  a  small 
cobalt-samarium  magnet  attached  to  the  lower  tip  of  the  specimen 
as  shown  in  Figure  22.  A  small  piece  of  aluminum  foil  is  attached  to 
the  upper  tip  of  the  beam  in  oroer  to  provide  a  reflecting  surface  for 
the  probe  of  the  photoaccumulator  device.  The  photoaccumulator 
provides  information  on  the  displacement  of  the  beam  as  it  vibrates 
by  sending  and  receiving  an  optical  signal  through  a  fiber  optic 
system.  The  vibration  amplitude  signal  is  sent  to  a  signal  band-pass 
filter  which  allows  only  a  narrow  range  of  frequencies  around  the 
natural  frequency  of  the  beam  to  pass  through.  The  filtered  signal  is 
further  sent  to  an  oscilloscope  where  it  is  monitored  and  an 
accurate  value  for  the  natural  frequency  is  determined.  At  this 
natural  frequency,  the  current  to  the  coil  is  cut-off  simultaneously 
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■.'■ggerira  '.-e  s:orage  csciilosccce  wnicn  reccrcs  tr,e  cattern  ct  the 
.'loraticn  cecav.  A  Dhotograon  ;s  taken  of  the  vioration  cecay  ana 
ogariir.m;c  oecrement  is  calculated  using  the  following 
'Biahonsnio: 


vVhere  x.  ,5  eauai  to  the  initial  amoiituae  ana  Xn  is  equal  to  the 
amoiituce  after  n  cycles. 


Figure  22.  Experimental  set-up  for  damping  measurements  on 
clampea-free  cantilevered  beam  specimens  [28]:  (1) 
signal  generator  and  counter,  (2)  amplifier,  (3) 
switching  box.  (4)  probe  of  photoaccumulator  device. 
(5)  specimen.  (6)  coil.  (7)  pnotoaccumulator  device.  (8) 
frequency  filter,  (9)  monitor  oscilloscope  and  (10) 
storage  oscilloscope. 
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RESULTS  AND  DISCUSSION 


The  purpose  of  the  testing  and  characterization  orocedures 
cescrioed  in  the  previous  cnapter  was  to  provide  insight  into  the 
pnysical  and  mecnanical  properties  of  the  fiber  reinforced  castings 
fabricated  using  hign  pressure  squeeze  casting.  In  particular,  it  was 
uesiied  to  know  wnich  orooerties  are  effected  by  the  process  and 
'’.ow.  For  example,  cid  tne  crocess  carnage  or  degraoe  the  fibers? 

And  what  was  the  extent  of  the  cnemical  reaction  between  the 
fibers  and  the  aluminum  alloy?  Also,  what  was  the  effect  of  the 
process  on  the  properties  of  the  matrix?  To  answer  these  questions 
and  to  address  related  issues,  the  results  are  presented  and 
discussed  in  this  chapter. 


5.1  Physical  Examination  of  Squeeze  Cast 
Fiber  Reinforced  Aluminum 

The  castings  produced  using  the  procedures  described  in 
Chapter  2  are  generally  70  mm  (2.7  inch)  in  diameter  and  had  an 
average  thickness  of  3.2  mm  (0.125  inch).  The  two  types  of 
reinforcement,  planar  random  and  unidirectional,  can  be  easily 
distinguished  with  the  parallel  fiber  tows  being  easily  visible  of  the 
surface  on  the  unidirectionally  reinforced  castings.  The  overall 
surface  characteristics  of  both  types  of  castings  are  very  good  with 
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the  notaoie  ausence  of  any  snrinKage  or  otner  typical  casting 
cefects. 

F'gure  23  snows  tFe  fiber  cistribution  in  the  pianar  ranaom 
ana  t^niairectionai  fiber  remforcea  castings.  There  was  gooa  overall 
distriDution  of  the  fibers  througnout  the  cross-section  of  the 
casting.  The  aistribution  of  the  planar  random  fibers  was 
particularly  uniform  wnile  the  fiber  tows  in  the  unidirectional 
reinforced  casting  were  slightly  concentrated  toward  the  top  and 
bottom  of  the  casting.  This  was  due  to  the  nature  of  the  packing  of 
the  hber  tows  ana  the  relative  oifficulty  in  infiltrating  this 
arrangement  as  tne  aluminum  floweo  from  tne  center  to  the  too  ana 
bottom  of  the  casting. 

The  degree  of  metal  infiltration  in  the  fiber  tows  of  the 
unidirectionaily  reinforced  castings  can  bo  seen  in  Figure  24.  The 
aluminum  alloy  completely  surrounded  each  individual  filament  of 
the  tow.  It  should  also  be  noted  from  this  figure  that  there  are  a 
significant  number  of  the  fibers  from  the  planar  random  fiber  sheets 
that  are  oriented  parallel  to  the  tow  fibers.  This  qualitatively 
suDpoas  the  inclusion  of  these  fibers  in  the  generation  of  Figure  9 
in  Chaoter  2. 

A  polished  cross-section  of  a  casting  oriented  parallel  to  the 
principal  fiber  direction  in  the  unidirectionaily  reinforced  casting  is 
shown  in  Figure  25.  Several  breaks  in  the  fibers  can  be  seen.  The 
presence  of  metal  between  the  separated  ends  indicates  that  the 
fibers  were  broken  during  initial  infiltration  by  the  liquid  aluminum. 
This  situation  is  typical  with  nearly  all  the  fibers  showing  some 
degree  of  breakage  at  some  point  along  its  length  in  the  casting. 


Figure  23.  Light  micrograpns  showing  fiber  distribution  m 

graphite  fiber  reinforced  castings:  a)  planar  ranccmiy 
oriented  fiber  reinforced  casting  and  b)  unidirectional 
fiber  reinforced  casting. 
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Figure  24.  L:ght  micrograph  showing  degree  of  metal  infiltration 
into  unidirectional  fiber  tow 


Figu.o  25.  Light  micrograon  of  cross-section  from  ur.  ..ectionai 
fiber  reinforced  casting  showing  breaKS  in  tie  length  of 
the  vbers 
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-  t-e  r  -ers  are  ''.o  icrrcer  ccr.ar^cas  •"cm  one  ena  c*  r^'e 

:as::rc  :a  '.•'.e  c:aea  '."e  average  :enc:"  c:  ’re  fibers  iS  e:;;!  T'jca 
a'eater  r-'an  r^e  cr,!;cai  •ner  ;erigia  -."ai  :s  necessary  'or  :ne  t.ber 
•0  :neoreTica:iy  acn:eve  n.s  maximam  aaowaole  stress.  Tne  critical 
•  oer  lengiii  is  on  tne  craer  of  0.3  nm  :0.012  men)  wniie  even  the 
smallest  hber  segments  cbservea  were  well  over  a  magnitude  larger 
•■'an  this  critical  saiue.  The  as-cast  '  ber  lengths  were  oeterminea 
ay  examining  ‘ibers  on  coiished  cross-sections  and  fibers  exocsed 
ov  dissolving  the  aium.inum  m.atnx  with  NaOH. 

in  c'cer  'o  coserve  •■'.e  extent  or  'eaction  oetween  t''.e  nber 
.s'G  t’,?  a.uminum  a..cv  matux,  ooiisnea  cross-sections  v;ere  etched 
,vitn  rJaCH  ano  examined  by  light  micrcscooy.  A  micrograph  of  a 
casting  is  snown  in  Figure  26  a.  There  is  no  observable  reaction 
zone  even  after  etching.  A  micrograph  of  a  casting  which  was  heat 
treated  at  823  K  (1022  "F)  for  100  hrs  is  shown  in  Figure  26  b.  In 
this  case,  there  was  some  observed  reaction  zone  around  the  fibers 
on  the  etched  cross-section.  After  heat  treatment  above  the  solidus 
•emoerature  of  the  aluminum  alloy  there  was  a  readily  aoparen* 
-eaction  zone,  'his  is  illustrated  in  Figure  26  c.  By  comoaring  these 
three  micrographs,  it  can  be  seen  that  there  had  been  relatively 
ttle  reacticn  m  the  as-cast  condition  and  that  it  is  necessary  to 
"eat  the  casting  above  the  solidus  temperature  of  the  matrix  in 
order  to  effect  any  aopreciaole  reaction. 

Another  method  that  was  used  to  determine  the  extent  of 
-eaction  between  the  graphite  fibers  and  the  aluminum  alloy  was  to 
exoose  the  f.oers  by  cissoiving  the  aluminum  matrix  with  NaOH  and 
examine  T^e  t  bers  ^sing  scanning  electron  microscopy.  A  SEM 
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Figure  26,.  Micrcgrapns  of  poiisred  and  etchea  cross-secticns 

showing  presence  of  reaction  zone  around  fibers:  a)  as- 
cast,  b)  after  high  temperature  heat  treatment  and  c) 
after  heat  treatment  at  temperature  above  soiidus 
temperature  for  6061  aluminum. 
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'":crcgraDn  cr  a  ricer  aefore  casiing  :s  snown  in  Figure  27  a.  3EM 
'"icrcgraons  c:  fiaers  m  •■'e  as-cast  ccncition  ana  after  very  n  gn 
•emcerature  'Saove  !"e  soiidus  temcerature)  neat  t'eatrr.ent  are 
^nc'.vn  :n  Figures  27  b  ana  c.  resoectiveiy.  Here  tb.e  reaction 
crccucts  aooear  as  tnin  crystals  crientea  peroenaicuiar  to  the  fiber 
axis.  Again  it  can  oe  seen  that  aithougn  there  is  some  limitea 
'section  eviaent  :n  tne  as-cast  concition.  there  is  significant 
'eacbon  after  the  very  nign  temperature  heat  treatment.  Similar 
'eaction  proaucts  were  identified  by  Kohara  ana  Muto  [20]:  As  an 
lustration  one  of  the  fibers  from  tneir  investigation  is  shown  m 
figure  23.  in  tnsir  nvestigation.  the  fibers  were  exoosea  to  moiten 
aluminum  for  various  times  ana  the  extent  of  degraaation  in  the 
tensile  strength  of  the  fibers  was  determined.  For  the  fiber  snown. 
the  exposure  time  was  around  2  minutes.  Thus,  ou’’  finding  of 
reaction  proaucts  at  the  fiber/matrix  interface  is  consistent  with 
puDlishea  worK.  Kohara  and  Muto  [20]  suggested  that  the  reaction 
proauct  was  AUC3. 

5.2  Mechanical  Property  Characterization  of  Fiber 
Reinforced  Castings 

This  section  wiil  describe  the  tensile  properties  of  the 
fabricated  graphite  fiber  reinforced  castings.  Although  the  focus 
was  on  unidirectional  fiber  reinforcement  the  data  from  the  tests  on 
castings  with  planar  random  reinforcement  will  also  be  discussed 
for  comparison.  The  tensile  strength  of  the  castings  wiil  be 
discussed  first  followed  by  a  discussion  of  the  stiffness  and  the 
fracture  strain.  Scanning  electron  micrographs  of  the  fracture 


Figure  27.  SEM  micrograph  of  fibers  exposed  by  dissolving  matrix 
a)  before  casting,  b)  after  casting  and  c)  after  heat 
treatment  at  temperature  above  solidus  temperature 
for  6061  aluminum. 
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Figure  28.  Carbon  fiber  from  investigcition  oy  Kohara  ana  Muto  [20] 
showing  reaction  products  on  fiber  surface  after 
exposure  to  molten  aluminum  for  approximately  2 
minutes 
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sunaces  wiii  aiso  ce  oresentea.  'n  the  last  cart  of  this  section,  a 
•nooel  will  be  proposea  to  exoiain  the  tensile  oehavior  of  the  as-cast 
.^emfcrcea  castings. 

5.2.1  Tensile  Strength  and  Fracture  Strain 

The  tensile  strength  of  the  planar  ranaom  carbon  fiber 
remforcea  reinforcea  aluminum  castings  as  a  function  of  fiber 
volume  fraction  is  shown  in  Figure  29.  There  exists  a  peak  m  the 
strength  wnich  is  equal  to  320  MPa  (46  ksi)  and  it  corresponas  to  a 
hber  volume  fraction  of  arouna  30  percent.  This  peak  may  Pe 
expiainea  by  the  presence  of  the  off-axis  fibers  in  the  casting.  At 
higher  voium.e  fractions,  there  are  more  of  these  fibers  ana  less 
matrix.  These  fibers  begin  to  act  as  defects  causing  failure  at 
lower  and  lower  loads.  The  failure  at  the  low  loads  may  ultimately 
be  explained  by  a  complex  stress  distribution  in  the  area  of  fiber 
intersections  where  the  amount  of  matrix  may  be  very  small.  Some 
fibers  may  even  be  touching  each  other. 

The  strength  of  the  matrix,  squeeze  cast  with  no  fiber 
reinforcement,  was  measured  to  be  179  MPa  (26  ksi).  Th’s 
represents  a  significant  improvement  over  the  strength  of  6061-0 
Al  which  is  approximately  124  MPa  (18  ksi)  [23].  The  unidirectional 
fibe''  reinforced  castings  were  fabricated  with  fiber  volume 
fractions  ranging  from  4  percent  to  52  percent.  The  tensile  strength 
of  the  unidirectional  fiber  reinforced  castings  as  a  function  of  fiber 
volume  fraction  is  given  in  Figure  30.  Over  t.  ntire  range  of  fiber 
volume  fractions  investigated,  the  tensile  stren^  of  the  reinforced 
castings  increased  with  increasing  fiber  volume  ii_ction. 


Fiber  Volume  Fraction,  % 


UTS  of  planar  randomly  oriented  graphite  fiber 
reinforced  aluminum  castings  fabricated  by  high 
pressure  squeeze  casting  as  a  function  of  fiber  volume 
fraction 
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Althougn  a  c^ect  caantitative  ccmoarison  cf  tne  sirengtns  of 
•,•'6  I'.vo  types  c:  ‘apr;ca:ea  reinforcea  castings  iOlanar  ranoom  ana 
_n[G;rect:onai)  s  rot  aossiDie  oecause  the  riecnanicai  properties  cf 
•ne  Planar  r-anacm  veers  ciffer  significantly  frerr,  tnose  of  the  P-55 
:cw  fibers  (refer  to  Tacie  2).  the  strengtn  cata  seem  to  suggest 
some  interesting  things  to  consiaer.  For  example,  a  design  m,ay 
'eauire  eauai  material  strengtn  ana  stiffness  in  several  different 
cirections  in  the  same  piane.  For  this  case,  a  pianar  ranoom  fiber 
-einforcea  metal  would  be  an  ideal  cnoice  considering  its  isotropic 
aenavior  in  the  fiber  ciane.  If  planar  ranoom  fiber  reinforced  metal 
3  ...sea.  however,  the  cesigner  snould  be  cautious  not  to  specify  a 
'iber  volume  fraction  aoove  that  which  corresponds  to  the  peak 
strengtn.  If  the  strengtn  requirements  of  the  design  exceed  this 
maximum  value,  then  a  laminate  design  involving  unidirectional 
reinforcement  would  need  to  be  considered. 

Examination  of  the  fracture  surfaces  using  scanning  electron 
m.icroscopy  showed  a  very  high  degree  of  fiber  pull-out  for  the 
■jnidirectional  graohite  fiber  reinforced  aluminum  alloy.  Fiber  pull- 
out  can  oe  oistinguisneo  mom  de-bonaing  py  the  ciean  appearance  of 
the  fiber  surface  as  seen  in  F  gure  31.  If  there  'S  a  strong  bond  or 
oiffusion  bond  between  the  fiber  and  the  matrix,  then  upon  failure 
and  subsequent  withdrawal  of  the  fiber  from  the  matrix,  the  fiber 
surface  will  show  a  significant  amount  of  matrix  and  reaction 
products  still  aohenng  to  the  fiber.  The  absence  of  these  features, 
suggest  that  the  principal  type  of  bonding  between  the  fiber  and  the 
matrix  in  the  squeeze  cast  metals  is  adhesion  type  where  the  load  is 
transferred  by  the  matrix  to  the  fibers  through  a  friction  force  at 


Figure  31.  SEM  micrograph  of  graphite  fiber  on  tensile  fracture 
surface.  Fiber  puil-out  holes  are  also  visible  on  the 
fracture  surface. 
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:he  fiber/matrix  interface.  The  pull-out  holes  are  also  visible  on 
:ne  fracture  surface  in  the  oacKgrouno  wnere  the  corresoonoing 
‘Toers  would  be  on  the  opposite  fracture  surface.  Similar 
observations  were  made  for  planar  random  graphite  fiber  reinforced 
castings,  as  well. 

The  fracture  strain  of  the  reinforced  unidirectional  Gr/Al 
castings  was  determined  by  using  a  strain  gage  and  recording  the 
strain  at  failure.  The  typical  fracture  strain  for  the  unidirectional 
Gr/Al  castings  was  0.49  percent,  which  is  significantly  lower  than 
the  expected  fracture  strain  of  the  fiber  (0.60  percent)  and  well 
celov;  the  fracture  strain  of  aluminum.  The  fact  that  the  castings 
failed  at  a  strain  lower  than  the  fracture  strain  of  the  fibers  is  an 
indication  that  the  mechanical  behavior  of  the  squeeze  cast  fiber 
reinforced  aluminum  alloy  is  com.plex  and  requires  an  in-depth 
analysis.  An  attempt  has  been  made  to  explain  the  observed  tensile 
strength  and  fracture  strain  behavior  of  the  fabricated  materials  in 
ti.j  following  section. 

5.2.2  Tensile  Strength  Model 

This  section  describes  a  model  proposed  to  explain  the  tensile 
behavior  of  the  unidirectional  graphite  fiber  reinforced  aluminum 
fabricated  in  this  study.  Although  the  tensile  strength  of  the 
castings  increased  with  increasing  fiber  volume  fraction,  a  simple 
rule  of  mixtures  model  does  not  accurately  describe  the  behavior. 
For  example,  the  rule  of  mixtures  strength  for  unidirectional 
continuous  graphite  fiber  reinforced  aluminum  with  a  fiber  volume 
fraction  of  0.30  is  approximately  715  MPa  (104  ksi)  while  the 
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■rxoerin^eniai  va;ue  was  2Z7  MPa  i30  ksn.  There  are  a  namoer  ct  the 
'easoas  wnv  f'e  strengia  gt  tae  as-cast  reintcrcea  cast;aGS  '.vere  so 
3  gaihcaaiiy  ewer  t-'.an  tae  creaicticns  oy  ruie  of  mixtures.  !n 
oart;cu;ar,  tae  r  oers  couio  aave  oeen  aegraaea  oy  caemicai  reaction 
■van  tae  moiten  a.uminum.  It  was  aireaay  estaoiishea,  t'owever. 

*^.at  t^.ere  was  caiy  very  iimitea  reaction  cetween  the  fibers  ana  the 
'".atrix  ;a  tae  as-cast  ccncition.  !n  taat  case,  there  may  aave  oeen 
too  ttle  reaction. 

Even  if  taere  were  ao  reaction,  .n  wnicn  case  tae  matrix  would 
ooatrioute  aotniag  to  tae  strengtn  ct  the  casting,  the  strength 
saou.o  still  ce  given  oy 


-'c  =  -‘Vf  (9) 

Where  .-f  is  the  strength  of  the  the  fibers.  In  this  case,  the 
predicted  strength  of  the  casting  (fibers)  with  fiber  volume  fraction 
egoai  to  20  percent  is  641  MPa  (93  ksi),  stiil  significantly  greater 
than  the  exoerimental  value  of  around  200  MPa  (30  ksi). 

Another  cossioility  is  that  the  fibers  were  crushed  during 
casting  and  the  average  length  is  less  than  the  critical  fiber  length 
for  an  aligned  discontinuous  grapnite  fiber  reinforced  aluminum.  It 
has  already  been  shown,  however,  that  the  average  fiber  length  in 
the  casting  was  much  greater  than  the  critical  fiber  length. 

In  the  model  proposed  the  fibers  are  broken  at  random  position 
along  the  gage  length  of  the  specimens  used  for  tensile  testing  and 
there  is  not  sufficient  bonding  between  the  aluminum  and  the 
graphite  m  oroer  to  stress  the  fibers  to  failure.  Therefore,  during 


■esiinc,  e"GS  c:  •."9  *  Gers  ;n  :r'9  gage  S9c::cn  oi  the  saecirr.en 
'/e  caiiea  ‘''ar-,  ire  a.jrr.ir.Lim  wnen  tae  i^'tertaciai  Dona  cetv/een  t"e 
D'acnae  tiOers  ana  f'.e  a:uminum  is  D'OKen,  There  are  two  oasic 
assamotions  n  this  statement  that  reoresent  the  oasis  tor  the 
'"oaei  cescrioea  Oeiow;  the  fibers  are  iong  out  not  continuous  ana 
t^.e  T  oers  are  cuilea  ‘'om  the  m.atrix  rather  than  oeing  oroKen. 

The  r"ccei  is  t.rst  cescrioea  in  termis  of  the  behavior  of  a 
s  ngie  f  ber,  ’"ne  s.ngie  fiber  mocei  ;s  n'.ustratea  in  Figure  32. 

~"cm  eauii.orium  c:  ‘orces  we  can  write 


Where  ;  =  the  loaa  on  the  fiber 

=  the  shear  stress  at  the  fiber/metal 
interface 

r  =  the  radius  of  the  fiber 
L  =  the  length  of  the  fiber  embedded  in  the 
metal 

However,  Equation  10  has  a  limit  value  wnere  the  fiber  will  no 
■onger  ce  pulled  from  the  matrix  bui:  will  break  instead.  This  value 
IS  given  in  Equation  f  1 . 


(P's)max  -  ^  fu  (rrr^)  ( "^  ^  ) 

Where  ;  :<u  =  the  ultimate  tensile  strength  of  the  fiber 
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Corr.D'.r.ing  Ecjaiions  'O  ana  1 .  a  minimum  mterrace  snear 
:reng:n  can  ce  cefinea  as  tr.at  wnicn  :s  necessary  ’’or  m.e  fiber  to 
e  oroKen  'atner  man  cuil-oui.  This  relation  is  given  as  Eauaiion  '2. 

-  4,,  r 

-  '  -  - — ^ :  1  2  f 

^  I  imin  —  2\_  ~  1 

The  loaa  on  the  overall  fiber  reinforcea  mietal.  P-,  .s  eaual  to 
he  sum  cf  the  loacs  on  the  fibers  ana  on  the  m.etal  or 

P.  =  p.  ^  P^  i  1  3f 

Where  :  Pf  =  the  load  on  the  fibers 
Pm  =  the  load  on  the  matrix 

Considering  all  the  fibers.  Equation  9  can  be  written  as 

Pf  =  N  (ZktL)  t,  (14) 

The  load  on  the  matrix  can  also  be  expressed  simply  as 

P m  =  "n\  Am  ( "f  5 ) 

Where:  Am  =  the  fractional  area  occupied  by  the 
matrix 

From  Rule  of  Mixtures  we  know; 


85 


^  C  —  TfVf  ^  rn  \ 


16. a) 


Ana  f"om  Eauation  12  it  can  oe  snown  that 


=  (2-  - 


16. b) 


Substituting  Equation  I6.b  into  I6.a  yields 


re  =  (2-  vt 


C  rn  (1  -V* 


(16.0 


The  ultimate  strength  of  a  fiber  reinforced  material  describea 
by  this  moael  can  be  obtained  from  Equation  I6.c  and  is  given  by 


'ult  =  (2|,  ~iu)  Vf  + 


(17) 


Where  cm*  is  the  stress  on  the  metal  at  the  overall  strain 
when  the  interface  fails  or  the  pull  out  starts  and  may  be  evaluated 
by  determining  the  intercept  of  the  experimental  line  in  Figure  30. 
Rearranging  Equation  17,  we  can  write 


CTcu  ~  'T*  (1'V0 

2  Vf 


(18) 


Equation  18  can  now  be  used  to  determine  the  experimental 
value  for  the  product  of  the  interfacial  shear  strength  and  the  fiber 
aspect  ratio  (l_/r).  This  value  should  be  constant  since  it  represents 
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•.ne  line  aescriDea  Dy  the  relation  oeiween  rj  ana  Vf.  But  as  it  can  oe 
seen  tnere  is  some  scatter  in  the  exDerim.entat  data  in  Figure  30 
‘.hat  result  :n  slightly  cifferent  values  ter  the  product  at  different 
•'Per  volume  fractions.  These  values  are  ustea  in  Table  13  as  a 
‘unction  of  fiber  volume  fraction.  The  average  experimental  value 
‘or  the  product  of  the  intenacial  shear  stress  and  the  aspect  ratio 
was  266  MPa  (33.6  ksi)  with  some  scatter  ranging  from  214  MPa 
'31.0  ksD  to  298  MPa  (42.7  ksi). 

The  next  step  is  to  compare  the  exper'm.entally  determined 
value  of  the  oroduct  with  the  minimum  value  that  would  be  reouired 
*0  oreaK  the  fibers.  Again  rewriting  Ecuation  12  we  have: 

=  ^  =  ^050  MPa  ^152  ksi)  (19) 

For  our  castings  we  can  assume  the  the  fiber  aspect  ratio  is  a 
constant:  evaluating  Equation  19  then  yields  a  minimum  value  for 
the  interfaciat  shear  strength  as  a  function  of  the  fiber  aspect  ratio 
of  1050  MPa  (152  ksi)  wnen  the  ultimate  tensile  strength  of  the 
fibers  equals  2100  MPa  (304  ksi).  It  can  be  seen  that  the  average 
experimental  shear  strength  is  only  about  25%  of  the  value  predicted 
in  Equation  19  or  272  MPa  (40  ksi).  Now  we  can  explain  why  the 
strength  of  the  fabricated  Gr/AI  castings  was  only  about  25-30%  of 
the  rule  of  mixtures  predictions,  i.e.  the  bond  was  only  25  percent  as 
strong  as  it  should  have  been  to  develop  the  maximum  stress  in  the 
fibers.  It  also  indicates  that  by  improving  the  intertacial  bond  the 
strength  of  the  as-cast  unidirectional  reinforced  aluminum  can  be 
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Table  13.  Expenmentai  values  tor  proauct  of  intertaciai  snear 

strengin  ana  the  fiber  aspect  ratio  as  a  function  of  fiber 
volume  fraction 


Vf 

cTcu,  MPa  (ksi) 

Tiu(^.  MPa  (ksi) 

0.16 

165  (24) 

298  (43) 

0.18 

165  (24) 

269  (39) 

0.20 

179  (26) 

281  (41) 

0.22 

159  (23) 

214  (31) 

0.2S 

193  (28) 

238  (35) 

0.29 

214  (31) 

267  (39) 

0.38 

276  (40) 

295  (43) 

0.38 

255  (37) 

268  (39) 

0.52 

310  (45) 

260  (38) 

Ave.  =  266  (39) 


0.52 
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r.creasea  f'jriher.  '‘he  ir.e  oroposea  puil-out  moael  representea  Py 
Epuation  ■',7  aaeauaieiy  explains  tr.e  experimental  results  fc'  the 
strength  c:  the  uniairecticnal  reinforcea  castings. 

5.3  Stiffness 

A  typical  loaa  versus  cispiacement  curve  for  a  unidirectional 
grapnite  fiber  reinforcea  casting  is  snown  in  Figure  33.  The  curve 
can  be  aoproximateo  by  two  straignt  lines  with  different  slopes. 

The  first  being  the  primary  or  elastic  mooulus  for  the  casting  and 
the  secono  being  tr.e  secondary  mooulus.  Since  the  grapnite  fibers 
are  essentially  perfectly  elastic  the  elastic-plastic  behavior  of  the 
castings  can  be  attributed  to  the  elastic-plastic  behavior  of  the 
matrix.  From  strain  gage  measurements,  stiffnesses  of  castings 
with  fiber  volume  fractiohs  of  20  perceht  ahd  50  perceht  were  100 
GPa  (14.5  Msi)  and  150  GPa  (21.8  Msi)  ,  respectively.  These  values 
are  lower  than  the  rule  of  mixtures  values  of  131  GPa  (19.0  Msi)  and 
224  GPa  (32.5  Msi),  respectively.  The  relatively  lower  values  of 
stiffness  for  the  Gr/AI  castings  needs  further  investigation. 

The  following  section  of  this  chapter  describes  the  effects  of 
the  squeeze  casting  process  and  the  heat  treatment  on  the 
properties  of  the  6061  aluminum  by  conducting  microhardness 
measurements. 


5.4  Microhardness  of  Squeeze  Cast  Aluminum 

By  characterizing  the  microhardness  of  the  squeeze  cast 
aluminum  at  different  stage  during  the  squeeze  casting  and  heat 


Load, 


5 


I 


Displacement,  inch 

0.01  0  0,020  0.030  0.040  0.050  0  060 


Displacement,  cm 


Figure  33.  Typical  load  vs.  displacement  curve  'or  unidirectional 
grapnite  fiber  reinforced  aluminum  castings  fabricated 
by  hign  pressure  squeeze  casting. 
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•'eaiing  processes  insignt  can  ce  gainea  :nio  tne  effect  c:  t-ese 
c'ccesses  cn  i^e  microstructure. 

The  "'icrc  care  ness  cata  cotainea  for  the  6061  aiuminum  at 
e  fferent  conciticns  is  given  m  Table  14.  A  stancara  6061-T3 
a  urninum  soecirr.en  was  creoarea  and  the  excerimentai  average  was 
‘01.3  (in  the  ccstcmary  units  of  kgf/mm^v  This  value  is  m  good 
agreement  witn  terature  t^e  value  for  this  material  cf  arouno  t02 
'231. 

The  average  value  for  the  sdueeze  cast  aluminum  with  no  fiber 
'emforcement  was  74.1  wnich  is  significantly  Higher  than  the  6061- 
2  aluminum  aiioy  wnicn  is  31.4  [23].  This  imorovement  is  orocaoly 
cue  to  an  effective  neat  treatment  of  the  6061  aluminum  alloy  just 
after  it  solidifies  curing  casting.  At  that  time  the  temperature  will 
still  be  very  high  and  there  should  be  a  considerable  number  cf 
vacancies  caused  by  the  pressure  causing  very  rapid  cooling.  Both  of 
these  factors  can  combine  to  result  in  rapid  precipitation  hardening 
of  the  alloy  [29]. 

With  fiber  reinforcement  the  hardness  of  the  aluminum  in  the 
as-cast  condition  *ell  to  53.6  wnile  this  value  is  less  than  the  un- 
'einforced  squeeze  cast  aluminum,  presumably  caused  by 
nterference  of  the  fibers  to  precipitation,  it  is  still  considerably 
higher  than  that  cf  6061-0  aluminum  and  is  approximately  equal  to 
the  hardness  for  6061 -T4  AI  which  is  56.8  [23].  When  heat  treated 
the  hardness  of  the  matrix  falls  still  further  to  around  39.5,  close  to 
the  hardness  of  6061-0  Al.  This  was  probably  due  to  over-aging  of 
the  matrix  alloy. 
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Table  14.  E  roer:r'.er:a!  cKer  s 


Test  Specimen  Test  loaa 
^Conaitionl  fkai 


6061-10  A  i 


0.030 


6061 
(ScLieeze  cast 
v;/  CO  cbers) 


j.uoe 

Testea  rear 
ciiocle  cr 
casting) 


6061  Al 
(Squeeze  cast 


w/  CO  Obersi 


0.030 

Testea  near 
the  edge  of 
casting) 


6061 -Al 
(Squeeze  cast, 
v.=  0.15) 


0.030 


.'c.'crc; 


Ave.  Diagonal 

HV 

(mm) 

(kg/mm^) 

0.0235 

99.7 

0.0240 

95.6 

0.0229 

105.0 

0.0229 

105.0 

Ave. 

II 

o 

0.0272 

75.2 

0.0275 

73.5 

0.0280 

70.9 

0.0250 

89.0 

0.0248 

90.4 

Ave. 

=  79.8 

0.0278 

72.0 

0.0290 

66.1 

0.0285 

68.5 

0.0300 

61.8 

0.0280 

70.9 

0.0280 

70.9 

Ave. 

=  68.4 

0.0335 

49.1 

0.0320 

53.8 

0.0322 

53.1 

0.0305 

59.2 

0.0320 

53.8 

0.0340 

47.6 

0.0322 

53.1 

0.0305 

59.2 

Ave. 

=  53.6 

Table  14.  Ccr.rr'jec) 


Test  Specimen 
(Condition) 

Test  loaa 
^  kg ) 

Ave.  Diagonal 
(mm) 

HV 

f  k  a m  m  ^ ) 

6  0  6  1  -  A 1  0, 

030 

0.0354 

44  4 

(Heat  teatea 

0.0353 

43.4 

873  K  for  '00  Hr  i 

0.0373 

40.0 

0.035  5 

43.4 

0.0360 

42  9 

0.0359 

40.3 

Ave. 

:::  42.5 

606  1  -Ai  TC30  3.03S4  37. 

Heat  t'eatea  D.0335  37. 

aoove  sciiGus  0.0403  34. 

‘emoerature  of  Ai)  0.0395  35. 

0.0440  28. 

0.0405  33, 

0.0383  37, 

0.0359  43, 

0.0375  39, 

Ave.  =  36 


cn  CD  ro  (D  CO  ‘-i  cj)  i  (n  co  (O 
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5.5  Damping 

'”"6  results  c:  '"e  snaivsis  cr  ’.re  camoing  cr  t.^e 
.'',;c.'3C'.:Gna!  craor.i'.e  '  aer  '-inforcea  a:umin'jm  castings 
■aar;catea  :n  tnis  stucv  are  snown  in  Table  t5.  Althougn  the  values 
.arv  s  igntiv  witn  F'ber  volume  macticn.  mere  coes  not  seem  to  ce  a 
strong  correlation  moicatea  oy  t^e  exoerimental  data.  However, 
somoarison  cr  the  overall  averages  cf  the  logarithmic  cecrement 
gr'.o'.ng  anv  erfects  or  ^  ber  voiumie  f-actioni  suggest  that.  :n 
g9r',s''a;.  f'.e  camoing  n  t^'.e  90'  beams  ;s  higher,  uD  to  2  times 
■'  gr'.e'’  ’.■'an  f'.e  cam.oing  m.  the  O'  beams.  For  moae  1  vioration,  tr'.e 
oam.o m.g  m  ’"e  90'  o.rection  ;s  t  5  ti.mes  ngner  than  in  the  0" 
birecticn.  ''egiecting  trte  extreme  value  of  t3.0  for  O’,  vi  =  28.9.  ~he 
30’  camoing  for  mooes  11  ana  111  are  also  higher  than  the 
corresooncing  0’  camoing,  2.3  and  1.1  times  higher,  respectively. 
These  results  are  as  exoected  as  the  stiffnesses  of  the 
uniGirecticnai  beams  are  muon  higher  in  the  fiber  (0°)  direction  than 
m  tne  transverse  cirection. 

5.6  Finite  Element  Analysis  of  Transient  Thermal  Behavior 

of  Squeeze  Casting  Process 

The  transient  thermal  behavior  of  the  squeeze  casting  process 
was  modelled  as  described  in  Chapter  3.  The  method  Involved  the 
use  cf  a  finite  element  program  called  THERM  that  was  modified  to 
have  the  capability  for  axisymmetric  elements.  The  program  was 
tested  by  first  solving  two  test  problems  before  attempting  to 
model  the  thermal  behavior  of  the  high  pressure  squeeze  casting 


process. 


3  4 


Table  15 

■  oer 

■•eintc: 

cecre.ment  va.uss  '.cr  _.mc:rec:;c.nai  Gr, Al 

ceo  ceam.sT 

LcGar;’'''^:c  Decrement  x 

HHH 

Moce 

1 

Moc 

a  il  Mooe  'll 

0  ^ 

90^ 

0  = 

90^  0°  90° 

'3.9 

9,9 

f  1  .2 

o  ■<  ■< 

^  3 

o 

2.1 

■  0.2 

6.0  4,7 

-  - 

25.5 

9  5 

c .  ^ 

25.7 

3  2 

5.9  5.2 

27.3 

-  n  < 

6.9 

28.9 

1  8.0 

3.5 

3.9 

31 

4,7 

2.9 

32.2 

4  9 

3.5 

5.8 

33.3 

6.6 

2.6 

3.2 

Overall 

Averaae 

5.0* 

9.7 

2.9 

5.8  4.5  5.0 

t  0’  rerers  :o  finer  reinforcement  parallel  to  oeam  lengtn.  90° 
refers  to  reinforcement  parallel  to  tne  thicker  dimension  of  the 
cross-section  of  the  beam. 


Neglecting  relative  extreme  value  of  18.0  at  Vf  =  28.9 
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5.6.1  Test  Problems 

The  results  ct  the  cne-aimensionai  test  croDiem  are  given  m 
P'Qure  34.  The  ime  in  Figure  34  reoresent  the  oreaictea  location  of 
the  solidification  front  as  a  function  of  time.  SuDerimooseo  on  this 
me  are  points  that  reoresent  the  exact  solution  at  the 
ccrresDonoing  times  as  cotaineo  from  the  literature  [27],  There  was 
very  good  agreement  oetween  the  predicted  location  and  the 
iterature  values. 

The  results  from  the  two-dimensional  test  proDlem  are  given 
n  F'mure  35.  'The  ime  in  Figure  35  reoresents  the  solidification 
■'ront  at  a  time  eouai  to  i  second  as  preoicteo  Py  THERM.  Again  the 
points  reoresent  the  literature  solution  that  was  obtained  using  a 
finite  Gifference  method.  As  in  the  one-oimensionat  problem,  there 
was  good  agreement  between  the  predicted  location  obtained  using 
THERM  and  that  obtained  from  the  literature. 

5.6.2  Results  from  Experimental  Model 

The  results  from  the  experimental  model  are  given  in  Figure 
36.  The  first  step  in  the  three  step  model,  as  described  in  Chapter 
3,  was  used  for  times  from  0  to  1.5  seconds,  the  second  condition 
was  used  for  times  ranging  1.6  to  3.0  seconds  and  the  third  condition 
was  used  for  times  from  3.1  seconds  to  4  seconds.  In  the  time 
frame  from  3  to  4  seconds,  the  aluminum  cooled  very  rapidly  as  it 
infiltrated  the  fibers  and  came  into  contact  with  the  die  wall.  The 
slowing  of  this  rapid  decrease  in  temperature  is  attributed  to  the 
aluminum  solidifying.  After  four  seconds  the  average  temperature 
of  the  aluminum  had  fallen  to  just  below  the  solidus  temperature  of 


Distance  from  End,  (cm] 


Points  cotameo  m 
'exact'  solution 
by  Hsiao 


(U  c 

0.3  —  O 


•O  o 
"Z  C 
cz 


PreoiCtion  using  THERM 


v(Time),  [v(sec.)] 


Figure  34.  Position  of  solidification  front  in  the  one-dimensional 
test  problem  as  a  function  of  time.  Line  represents  the 
prediction  obtained  using  THERM  and  points  represent 
literature  solution  [27], 


Center  of 


Near  Side  of  Cavity 


Each  aivision  0.1  m  x  0.1  m. 

Figure  35.  Position  of  solidification  front  m  the  two-dimensional 
test  problem.  Line  represents  the  prediction  obtained 
using  THERM  and  points  represent  literature  solution 
[27], 
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•.r'le  a.loy  cut  s:;il  r.aa  r.oi  reacnea  room  temoerature.  After  tr.is 
•.  me.  nowever,  ‘.-.e  crogram  oegan  to  civerge  ana  was  eventually 
aDorteo.  Funner  investigation  is  neeoeo  to  cetermine  ana  correct 
:ne  exact  cause  or  tne  civergence.  Do  to  the  ooint  wnere  the 
crogram  civergea.  r'owever.  the  results  can  Oe  consioerea  reliable 
since  they  met  the  convergence  criteria  soecified  in  tne  inout  tile. 


Chaoier  6. 
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CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FUTURE  RESEARCH 


Unioirectional  grapnite  fiber  reinforcea  aluminum  alloy 
casiings  have  been  successfully  fabricaiea  using  nigh  pressure 
squeeze  casting.  Fiber  volume  fractions  for  test  specimens  rangeo 
from  10  to  50  percent.  There  was  a  minimum  amount  of  reaction 
oetween  the  graphite  fibers  and  the  aluminum  matrix  m  the  as-cast 
Goncition.  gooo  infiltration  of  the  metal  into  the  fiber  tows  ana  gooa 
fiber  distribution.  Castings  heat  treated  at  very  high  temperatures 
showed  progressively  more  reaction.  The  tensile  strength  of  the  as- 
cast  reinforced  aluminum  increased  with  increasing  fiber  volume 
fraction.  Although,  in  general,  the  strengths  were  well  below  rule 
of  mixtures  values.  A  model,  with  the  assumption  that  the 
fiber/matrix  interface  bond  slipped  prior  to  fiber  failure,  was 
developed  to  describe  the  experimental  data.  The  microhardness  of 
the  squeeze  cast  aluminum  was  shown  to  be  highest  in  the  as-cast 
condition  (comparable  to  6061-T4  Ai)  and  decreased  with  heat 
treatment  due  to  overaging.  The  damping  was  found  to  be  higher 
when  the  fibers  were  oriented  perpendicular  to  the  long  dimension 
of  the  test  beams  and  relatively  constant  over  the  range  of  fiber 
volume  fractions  studied.  The  transient  thermal  behavior  of  the 
molten  aluminum  during  the  squeeze  casting  process  was  modelled 
using  finite  element  methods.  The  average  temperature  of  the 


aluminum  reacnea  aDOui  855  K  aoprcximaieiy  4  seconas  afier  oemg 
ntroaucea  to  tne  aie  at  1473  K. 

A  review  of  the  results  from  the  experimental  work  performed 
eaos  to  seve'^ai  recommenaations  that  may  be  made  for  future 
investigations.  A  thorough  investigation  into  the  effects  of  heat 
treatment  of  the  fiber  reinforced  castings  on  their  physical  and 
mecnanical  progenies  needs  to  be  performed.  If  as  expected,  the 
heat  treatment  increases  the  strength  of  the  bond  between  the 
fibers  and  the  matrix,  there  may  exist  an  optimum  heat  treatment 
beyond  wnich  the  progenies  of  the  castings  begin  to  decline  due  to 
degradation  of  the  fibers.  Another  area  requiring  further 
investigation  is  the  refinement  of  the  model  developed  to  describe 
the  thermal  behavior  of  the  high  pressure  squeeze  casting  process. 
Such  refinement  may  include  the  addition  of  a  time  variable  mesh 
that  will  eliminate  the  requirement  for  dividing  the  process  into 
discrete  steps  as  was  done  in  this  study. 
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